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SUMMARY  
Integrin-mediated adhesion to extracellular matrices (ECM) provides forces and 
signals that direct cell processes central to tissue organization, homeostasis, and disease. 
Recent studies show an important relationship between cell adhesive force generation and 
focal adhesion (FA) assembly, yet it remains unclear how forces are transduced into 
adhesive signals. Our work seeks to identify coupling between cell adhesive force 
generation and signaling at FAs. To measure forces, we used Microfabricated Post-Array-
Deflectors (mPADs), which are an array of PDMS ~1.8 µm diameter microposts. Based 
on the micropost deflections, we can calculate the forces exerted by cells. We previously 
showed that vinculin regulates force transmission at FAs. Vinculin residence time in FAs 
correlated with applied force, supporting a mechanosensitive model in which forces 
stabilize vinculin’s active conformation to promote force transfer. We first examined the 
relationship between traction force and vinculin-paxillin localization to single FAs in the 
context of substrate stiffness and actomyosin contractility. Substrate stiffness and 
contractility regulated vinculin localization to FAs, and vinculin auto-inhibition is a crucial 
regulatory step in this process that overrides the effects of cytoskeletal tension and substrate 
stiffness. Vinculin and paxillin FA area did not correlate with traction force magnitudes at 
single FAs, and this was consistent across different ECM stiffness and cytoskeletal tension 
states. Vinculin residence time at FAs linearly varied with applied force for stiff substrates, 
but this coupling was disrupted on soft substrates and in the presence of contractility 
inhibitors. In contrast, paxillin residence time at FAs was independent of force, substrate 
stiffness, and cytoskeletal contractility. Lastly, substrate stiffness and cytoskeletal 
 xviii 
contractility regulated whether vinculin and paxillin turnover dynamics are correlated to 
each other at single FAs.  
We also found that pFAK Y397 levels are linearly coupled to force at single FAs 
on stiff substrates. On soft substrates, however, this positive relationship is eliminated. We 
found that talin is required for FAK localization and Y397 phosphorylation at FAs and 
mediates force-FAK linear coupling at FAs via talin-FAK binding.  Furthermore, averaged 
levels of FAK localization and Y397 phosphorylation at FAs are relatively insensitive to 
vinculin expression. However, a full-length vinculin molecule that binds talin and actin is 
required for linear coupling to occur between force-FAK localization and force-FAK Y397 
phosphorylation at individual FAs. Lastly, we demonstrate that a full-length vinculin 
molecule that binds talin and actin is required to promote YAP nuclear accumulation. 
These findings suggest that force generation and signaling are coupled at FAs and 
underscore the role of environmental stiffness, talin, and vinculin in regulating force-
signaling coupling at FAs. Our results generate new insights into how cell adhesive forces 
are integrated into biochemical signals. Furthermore, this understanding provides a 
framework for mechanotransduction events at cell-ECM junctions, such as cell migration, 





CHAPTER 1. INTRODUCTION & SPECIFIC AIMS 
Cell adhesion to extracellular matrix (ECM) proteins is regulated by integrin 
receptors, which are composed of α and β subunits [1]. Following binding to ECM proteins, 
integrins cluster together to form focal adhesion (FA) complexes, which contain structural 
proteins that link the ECM to the cytoskeleton and signaling effectors that regulate cell 
proliferation, migration, and differentiation [2]. The importance of cell-ECM adhesion is 
underscored by the early-stage lethality in mice that have genetic deletions or mutations 
for adhesion receptors, ligands, or associated components [3, 4]. Cell-ECM adhesive 
interactions also regulate host-implant responses for medical devices and tissue-engineered 
constructs, further emphasizing the importance of cell adhesion to the ECM [5]. Moreover, 
recent studies have identified that aberrations in cell-ECM adhesion play a critical role in 
pathological conditions, such as atherosclerosis, blood clotting, and cancer metastasis [6-
8].  
FAs also provide anchorage for the cell, by mechanically linking ECM proteins to 
the cell’s cytoskeleton [1, 2], and transmitting adhesive forces that drive cell migration, 
signaling, and tissue morphogenesis [9-11]. Several systems have been developed to 
quantify the spatial and temporal dynamics of cell adhesive forces. These measurement 
systems have primarily focused on cell adhesion strength, which is defined as the amount 
of force required to detach the cell from the ECM [12], and cell traction forces, defined as 
the forces that cells exert on the ECM [9]. From the development of these measurement 




significantly over the past decade. Focal adhesions (FAs) are nano/micron-scale complexes 
of clustered integrins and structural and signaling molecules that link the ECM to the 
cytoskeleton and function as principal sites of force transmission and signal transduction. 
Despite significant progress in defining biochemical interactions driving FA assembly and 
signaling, very little is known about how FAs sense and transmit force and how these forces 
are integrated into biochemical signals. This lack of a quantitative understanding of force 
sensing and transmission limits functional analyses of adhesive processes and 
mechanotransduction pathways in diverse physiological and pathological settings. 
 
The objective of this project is to analyze how FAs sense and transmit force. 
Our central hypothesis is that mechanosensing at a single FA involves a feedback loop 
in which vinculin is responsible for coupling FAK Y397 phosphorylation to force at 
single FAs and regulating YAP nuclear accumulation. This novel hypothesis is based 
on our evidence for important roles of FAK in adhesion strengthening through integrin 
activation and vinculin recruitment to FAs. We have identified important roles for (i) FAK 
in adhesive force through vinculin recruitment to FAs and (ii) vinculin head-tail 
interactions in force transfer and FA localization. We also showed that vinculin is 
necessary for myosin contractility-dependent adhesion strength and traction force, and its 
head-tail domains have distinct contributions to adhesive forces. Lastly, we observed that 
substrate rigidity and cytoskeletal tension influence vinculin and paxillin localization to 





We will test our central hypothesis by addressing 2 key questions via these aims: 
 
Q1. Do changes in adhesive force or cytoskeletal tension that perturb the local force 
balance at FAs regulate vinculin-paxillin localization to FAs?  
SA1. Analyze the effects of local adhesive force and cytoskeletal tension on coupling 
force transmission and paxillin and vinculin recruitment to FAs.  
      We will seed cells expressing fluorescently-tagged vinculin and paxillin proteins onto 
mPADs of differing stiffnesses. We will assess whether vinculin-paxillin localization to 
single FAs is related to force and whether vinculin-paxillin residence time is related to 
force at FAs. We’ll also assess the role of macroscopic factors, such as substrate stiffness, 
in regulating vinculin-paxillin localization to FAs and vinculin-paxillin residence times at 
FAs. Our lab previously demonstrated that vinculin residence time and force are positively 
related, supporting a model where forces transduced across vinculin stabilize its 
localization to FAs. Here, we will test this model in the context of substrate stiffness and 
contractility, as these two variables perturb the balance between cell-ECM and CSK forces 
at FAs. We anticipate that vinculin residence time will be linearly related to force at FAs, 
although this relationship will depend on actomyosin contractility and environmental 
stiffness. In contrast, we expect that paxillin residence time will be independent of force at 
FAs, as paxillin is primarily a signaling protein and myosin II activity is not required for 







Q2. Do talin and vinculin modulate FAK recruitment and Y397 phosphorylation at FAs 
and YAP nuclear accumulation? 
SA2. Dissect the contributions of talin and vinculin to FAK localization and Y397 
phosphorylation at FAs and determine whether vinculin and talin mediate YAP 
nuclear accumulation.  
 We hypothesize that talin- and vinculin-dependent forces at FAs regulate FAK 
recruitment and phosphorylation. We will use talin-depleted and vinculin-null cells 
expressing wild-type and mutant vinculins to analyze how vinculin and its auto-inhibited 
head-tail conformation modulate force-FAK phosphorylation coupling at single FAs. We 
will assess force-FA assembly-FAK phosphorylation profiles for a subset of mPADs 
formulations with different stiffness and with contractility modulators to perturb the 
balance of integrin-ECM force and cytoskeletal tension for cell lines derived from vinculin-
null cells expressing vinculin mutants. We hypothesize that vinculin-dependent forces are 
required to promote FAK localization and Y397 phosphorylation at FAs. Furthermore, we 
anticipate that force-FAK localization and Y397 phosphorylation are coupled at single 
FAs, since FAK kinase activity has previously been shown to be sensitive to changes in 
actomyosin contractility. Although previous studies have examined whether FA proteins, 
such as talin, influence FAK Y397 phosphorylation at FAs, previous approaches have 
primarily utilized averaged or population-level metrics of FAK localization and activity. 
Consequently, they neglect the heterogeneity of individual FA complexes and may fail to 
reveal important relationships between force and FAK localization and Y397 




individual FAs and whether forces at single FAs can be transduced into changes in FA 
signaling activity. Furthermore, we will assess the role of vinculin in regulating YAP 
nuclear accumulation, which plays a critical role in multiple cell processes, such as 
proliferation, growth regulation, and differentiation. It is well-known that increases in 
substrate stiffness and/or actomyosin contractility result in increased YAP nuclear 
accumulation. Furthermore, given vinculin’s important role in promoting force 
transmission, we hypothesize that vinculin is required to promote YAP nuclear 
accumulation. 
 This research is highly innovative because it integrates force-sensing technologies and 
FA mutants to analyze mechanotransduction at single FAs. As outcomes of this project, 
we will establish whether the local balance of adhesive force and cytoskeletal tension 
regulates coupled force-FAK recruitment and Y397 phosphorylation at single FAs. We 
will analyze the roles of FAK and vinculin in this mechanosensing. This research will 
generate new insights into how cell adhesive forces are generated and integrated into 
biochemical signals. Ultimately, this understanding will provide a general framework for 
early mechanotransduction events at cell-ECM junctions, such as adhesion assembly at 
migratory fronts, force-regulated morphogenesis, and stem cell lineage commitment in 
response to matrix stiffness. Furthermore, our research will generate new insights into how 
FAs sense force and how forces at individual FAs are transduced into biochemical and 
nuclear signals. Lastly, this research will provide a new framework to understand cell-ECM 





CHAPTER 2. LITERATURE REVIEW 
Note: Chapter 2.1 and Chapter 2.2 are adapted from Zhou DW et al. Measurement Systems 
for Cell Adhesive Forces, JBME, 2015. [13] 
2.1 Measurement Systems for Cell Adhesion Strength  
Cell adhesion strength measures cell-ECM adhesion and is strongly influenced by 
integrin-bond number and distribution, cell-ECM contact area and shape, and FA size and 
composition [14-16]. Generally, adhesion strength assays measure the ability of cells to 
remain attached when exposed to a detachment force (Table 1). The simplest adhesion 
strength assay involves seeding cells onto a substrate of interest, washing the cells with 
physiologic buffers, and counting the remaining cells afterwards [17]. Although these 
“wash” assays have identified critical components and regulatory mechanisms of cell 
adhesion [17], they are severely limited by poor reproducibility and sensitivity, as the 
washes apply largely unknown and non-uniform detachment forces [14]. Moreover, wash 
assays usually fail to provide sufficient detachment forces, even after short adhesion times 
(< 60 min) for certain strongly adherent cells. Despite its simplicity, the wash assay is 
undermined by poor reproducibility and sensitivity. Consequently, more robust and 
quantitative assays have been developed to analyze cell adhesion strength.   
Several quantitative assays have been developed to apply controlled detachment 
forces to adherent cells. These methods are generally divided into the categories of (1) 
micromanipulation, (2) centrifugation, and (3) hydrodynamic shear stress. 




with a micropipette, microprobe, atomic force microscopy (AFM) cantilever, or laser and 
magnetic tweezers [18-23]. These techniques provide highly sensitive (pico-nano range) 
real-time force-displacement relationships, and are particularly useful for analyzing 
isolated or low-number receptor-ligand interactions. For example, Roca-Cusachs et al. 
used magnetic tweezers with FN-coated magnetic beads to show that clustering of FN 
domains within ~40 nm increased adhesion strength six-fold via α5β1 integrin clustering, 
and this increase was independent of αvβ3 integrin or talin 1 and 2 [24]. Subsequently, they 
concluded that α5β1 integrin clustering supports adhesive force generation, whereas αvβ3 
integrin or talin 1 and 2 are implicated in mechanotransduction and reinforce integrin-
cytoskeleton linkage via talin [24]. Furthermore, Sheetz and colleagues used optical 
tweezers to identify and quantify the strength of a molecular slip bond between integrins 
and a trimer of the fibronectin (FN) integrin-binding domain (FN III-7-10) [25]. They also 
showed that talin1 is critical to the strength of this slip bond, suggesting that talin1 is 
responsible for initiating this molecular slip bond between closely packed FN-integrin 
complexes [25]. Kong et al. used AFM and membrane force probes to demonstrate that 
cyclic application of 5-25 pN forces to FN-integrin α5β1 bond significantly increases bond 
lifetime, and identified a mechanism for cell adhesion strengthening by the application of 
cyclic forces [26]. Furthermore, they demonstrated with AFM that increasing applied force 
between 10-30 pN prolongs integrin α5β1 - FN fragment bond lifetime, demonstrating catch 
bond behavior [27]. Although micromanipulation techniques are useful for analyzing 
isolated receptor-adhesive ligand interactions, they are typically not suitable for studying 




nN for AFM, ~100-1000 pN for optical and laser tweezers) is usually too small [14]. 
Moreover, these micromanipulation techniques often require sophisticated equipment and 
expertise to operate, limiting accessibility for other users.  
Centrifugation assays, in contrast, provide adhesion strength measurements for 
large cell populations [28, 29]. In this configuration, a substrate containing adherent cells 
is spun at a specific speed to apply a controlled detachment force perpendicular to the cell 
adhesive area, and the number of cells before and after spinning is quantified. However, 
centrifugation applies relatively low detachment forces (< 10-3 dyne/cell) [14], limiting its 
applicability to short (< 60 min) assays. Moreover, the assay is labor-intensive, as it 
requires many runs at different speeds to apply a wide range of forces. Alternatively, short-
term cell adhesion can be analyzed as a function of ligand density at a fixed centrifugation 
speed. Afterwards, a non-linear profile with adherent cell fraction plotted against ligand 
density can be generated, and the ligand density for 50% adhesion strength can be a 
sensitive indicator of adhesion strength [28]. This strategy can be particularly useful for 
experiments involving multiple conditions, as it is significantly more high-throughput.  
Hydrodynamic shear assays utilize specialized flow setups to apply a wide range of 
detachment forces to a large cell population, and generally provide the most robust and 
sensitive quantitative measurements of long-term cell adhesion strength. After shear stress 
exposure, cell adhesion strength is typically defined as the shear stress (τ50) that produces 
50% cell detachment from the ECM. For hydrodynamic shear assays, however, the net 
detachment force applied to an individual cell depends on the cell’s area, shape, and FA 




accounted for in these assays, as τ50 does not accurately represent the applied detachment 
force if these variations are present between conditions.  
Common hydrodynamic shear configurations include flow between parallel plates, 
radial flow between two parallel disks, and spinning or rotating disks [30-34]. With the 
exception of the spinning disk setup, these configurations can be combined with a 
microscope, which allows for the real-time monitoring of cell attachment-detachment and 
flow profile validation and quantification. However, the above flow configurations often 
provide insufficient detachment forces for well-spread or strongly adherent cells under 
laminar flow. Alternatively, rotating disk setups, such as the small-gap parallel disk 
viscometer [35] or the single spinning disk [16, 36], apply shear stresses that vary linearly 
with radial distance, and allow users to apply a wide range of forces to a cell population in 
a single experiment. Other flow setups that apply a range of detachment forces within an 
individual experiment include the Hele-Shaw chamber [37], jet-impingement device [38], 
and variable height flow channel [39]. Amongst all of these systems, however, only the 
spinning disk can apply a linear range of detachment forces under an individual experiment 
with uniform chemical conditions across the surface. For example, García and colleagues 
developed a robust spinning disk device that applies a wide range of detachment forces to 
an adherent cell population, and provides highly sensitive measurements of cell adhesion 
strength [36, 40]. In a typical experiment, cells are first seeded onto a circular coverslip 
coated with a ECM protein of interest [12]. ECM proteins can also be patterned onto the 
coverslip if significant differences in cell spreading are expected, as spreading differences 




a fixed speed, and adherent cells are counted at different radial distances, each 
corresponding to known shear stress values [12]. The fraction of adherent cells decreases 
nonlinearly with respect to applied shear stress, and the adhesion strength is typically 
defined as the shear stress which produces 50% cell detachment [12]. At high rotation 
speeds, however, flow inside the spinning disk device becomes turbulent and requires 
experimental validation of the flow patterns [12, 14]. To mitigate this potential issue, 
viscosity enhancers such as dextran can be used to increase the applied detachment force, 
while maintaining low rotation speeds to avoid turbulent flow.  
Table 1: Measurement Systems for Cell Adhesion Strength.  






Overall, the spinning disk system produces highly robust, sensitive, and 
reproducible measurements of cell adhesion strength, and has been utilized for a diverse 
array of applications. For example, the spinning disk system has been used to characterize 
the dynamics of initial cell-ECM attachment, spreading, and adhesion strengthening [12, 
36, 40, 41]. Furthermore, Friedland et al. utilized the spinning disk system to show that 
α5β1 integrin activation via myosin II-generated cytoskeletal force strengthens α5β1-FN 
bond strength, and activates subsequent signaling pathways via phosphorylation of focal 
adhesion kinase (FAK) [42]. The spinning disk device has also been used to identify how 
different FA protein mutants affect cell adhesion strength, which is indicative of FA 
function [3]. The spinning disk assay has also been utilized for 3D cultures, showing that 
fibroblasts cultured in 3D fibrillar FN matrices have significantly lower adhesion strength 
than fibroblasts cultured on 2D FN-coated coverslips [43]. Microscopy subsequently 
revealed holes inside the matrix after spinning, suggesting that cells can detach via fibril 
breakage in 3D, instead of integrin-matrix bond breakage in 2D [43]. Furthermore, 
nanopatterning has been combined with the spinning disk assay to dissect how FA 
geometry and size influence cell adhesion strengthening. For example, Coyer, Singh, and 
colleagues applied subtractive contact printing to generate nanopattern “islands” of 
different sizes and geometries [15]. They subsequently showed that above an individual 
island area of 0.11 µm2, individual nanoisland area significantly influences cell adhesion 
strength, whereas the geometric arrangement of the islands (island spacing, number of 
islands, total area of the islands) has minimal effect on cell adhesion strength [15]. 




strength values for human induced pluripotent stem cells (hiPSCs) [44]. These adhesion 
strength values were then used to design a flow-driven microfluidic device that purifies 
hiPSCs, by detaching them from an initially heterogeneous cell population. By altering the 
applied fluid shear stress to match the hiPSC’s unique adhesion strength, users can isolate 
hiPSCs from the other cells, which have significantly higher adhesion strengths than the 
hiPSCs [44].   
 
2.2 Traction Force Microscopy Systems 
While adhesion strength measurement systems have identified key adhesion 
components and how they participate in the cell adhesion strengthening process, cell-ECM 
traction forces also significantly influence cell phenotype. It is becoming increasingly 
evident that cell-ECM traction forces regulate cell fate, tissue formation, and even 
malignant transformation [8, 9]. Traction forces also regulate FA composition and 
intracellular signaling, further underscoring the importance of cell traction forces [3]. 
Accordingly, numerous measurement systems have been developed to assess how forces, 
both sensed and exerted at FAs, regulate FA structure-function and cell phenotype. The 
majority of these measurement systems rely on linearly elastic deformable substrates, 
where the forces exerted by individual cells can be measured from the deformations 
induced in the substrate (Table 2) [9, 45, 46].  
Harris et al. initiated the use of deformable substrates by flame-exposing silicone 
fluid to polymerize a thin “skin”-like layer on the surface, while the un-cross-linked fluid 




that adherent cells were able to induce wrinkle-like deformations on the film’s surface as 
they applied contractile forces. This system offers its advantages from its simplicity, and 
that its mechanical properties can be tuned by altering the heat exposure time and silicone 
fluid viscosity. Although these substrates are not widely used today due to their qualitative 
nature, they helped inspire the next-generation measurement systems for cell traction 
forces.  
Consequently, more advanced 2D traction force measurement techniques have 
emerged. These systems typically measure substrate deformations induced by individual 
cells, while utilizing engineered materials whose mechanical and chemical properties can 
be precisely tuned over a wide range. Amongst these measurement systems, 
polyacrylamide (PA) gel based traction force microscopy (TFM) and microfabricated 
elastomeric post array deflectors (mPADs) are currently the most widely-used, and 
typically provide the most sensitive and reliable measurements of 2D cell traction forces.  
Wang and Dembo developed PA gel TFM, in which the PA gel is first 
functionalized with cell adhesive ligands, and fluorescent beads (approximately 200-500 
nm in diameter) are embedded near the gel surface [45]. Cells cultured on these substrates 
generate traction forces that deform the gel’s surface plane, which can be quantified by 
tracking the displacements of the fluorescent beads. This is typically done by imaging the 
bead fields before and after cell detachment with trypsin, so that the bead positions in both 
“stressed” and “unstressed” states are known [45]. As the gel deformations are generally 
significantly smaller than the gel thickness, the PA gel can be treated as a semi-infinitely 




Subsequently, the traction stress field 𝑇𝛽(𝑟) and displacement field 𝑑𝑝𝛼 are related by the 
Fredholm integral equation of the first kind:  
𝑑𝑝𝛼 =  ∬ 𝑔𝛽𝛼 (𝒎𝒑 − 𝒓)𝑇𝛽(𝑟)𝑑𝑟1𝑑𝑟2   (1) 
Where g represents a green’s tensor function, and gives the displacement of the pth 
marker ‘m’. Traction stresses are exerted by a cell through its contacts on the substratum 
surface at position r. Given the bead displacements 𝑑𝑝𝛼, the integral must be inverted to 
solve for the traction stress field, 𝑇𝛽(𝑟) [9, 45]. However, this inversion is highly 
computationally intensive, and requires careful selection of mathematical constraints, such 
as penalty terms for higher numbers of force vectors or restriction of traction forces to the 
cell’s edge [9, 45, 47]. Because these constraints can be subjective, an individual bead 
displacement field can lead to multiple different traction force fields, making the method 
vulnerable to user bias and error [9, 47]. However, recent experimental and computational 
advances have helped improve the reliability and resolution of PA gel TFM. 
Experimentally, the use of two different fluorescent bead markers inside the gel allows 
users to increase bead density and obtain a richer sampling of the displacement field, which 
ultimately helps improve traction force resolution [48, 49]. Improved algorithms, such as 
the boundary element method, Fourier-transform traction cytometry, and point force 
traction reconstruction, can also improve traction force resolution and reliability [48]. By 
combining these recent experimental and computational advances, Sabass et al. managed 
to reconstruct fibroblast traction force maps with a ~1 µm spatial resolution, which is a 5-




this approach usually requires a high-end confocal microscope, and tends to have 
difficulties computing traction forces at smaller adhesion sites [48].  
Nevertheless, PA gel TFM offers numerous advantages. For example, PA is an 
inexpensive and convenient material, making this technique easily adaptable to many 
laboratories. Moreover, the mechanical and chemical properties of these gels can be 
precisely tuned over a wide range [6, 50-52], making these gels adaptable to a wide variety 
of cell types and experimental conditions. This flexibility is particularly advantageous, as 
substrate stiffness and ECM composition both significantly influence critical cell 
behaviors, such as mesenchymal stem cell differentiation [53], vascular smooth muscle cell 
durotaxis [54], skeletal muscle stem cell self-renewal [55], and cancer cell migration [8]. 
Therefore, PA gel TFM remains a widely-used experimental tool, and has uncovered 
multiple insights on cell traction force generation under physiological and pathological 
settings. For example, Huynh et al. discovered that increased substrate stiffness induces 
greater endothelial cell traction forces, which subsequently destabilizes cell-cell junctions, 
leading to increased vascular permeability to inflammatory agents during atherosclerosis 
progression [6]. Moreover, using PA gel TFM, Califano et al. showed that matrix 
mechanics and chemistry regulate traction force generation, vessel formation, and cell 
migration in concert [50, 56]. Furthermore, Chowdhury et al. used PA gels to demonstrate 
that mechanical properties of stem cells regulate stress-induced spreading, suggesting that 
local small forces play a critical role in early development of soft embryos [57]. PA gel 
TFM has also been used to better characterize basic cell adhesion and migration. Since the 




the acrylamide to bisacrylamide ratio, numerous studies have shown that substrate stiffness 
typically induces greater cell spreading, FA formation, migration, and traction force 
generation [52, 58-61]. Overall, despite their limitations, PA gel TFM has been an 
invaluable tool for mechanobiology research. By allowing researchers to modulate the 
gel’s mechanical and chemical properties over a wide range, PA gels have been utilized 
for a diverse array of research applications. Moreover, the strategy underlying PA gel TFM 
has been extended to inspire additional traction force measurement systems that utilize 
linearly deformable substrates.  
Alternatively, methods utilizing microfabricated systems have been developed to 
quantify cell traction forces at discrete locations on the cell-substrate interface. Galbraith 
et al. initiated the use of these discrete substrates, by developing a silicon array of micro-
cantilevers each tipped with a 4-25 um2 pad coated with ECM adhesive protein [62]. By 
monitoring the cantilever deflections as the cell migrates across the pad, the traction force 
exerted by the cell at a discrete adhesion site can be quantified using basic beam theory 
[62]. However, the high fabrication cost required of this system is a significant limitation 
[62]. Moreover, the traction forces can only be measured at positions where the cell forms 
an adhesion, whereas continuum approaches allow for traction force measurements at 
virtually any point of the cell-substrate interface.  
A more robust form of this approach was pioneered by Chen, and involves the use 
of micropost array deflectors (mPADs), which consist of silicone polydimethylsiloxane 
(PDMS) substrates with arrays of microposts (D ~ 3 µm, L ~ 8-12 µm) fabricated using 




adhesive protein, and the remaining regions are passivated to prevent cell adhesion between 
the posts [9]. As cells apply traction to the tips of the microposts, the microposts deflect 
[64].   
The resulting forces, F, are calculated using Euler-Bernoulli beam theory, in which 






Although this makes force quantification significantly easier and more reliable, 
mPADs have several limitations. The discrete nature of the substrate can potentially alter 
cell behavior and only allows force quantification where cells form adhesions to the 
microposts. mPADs also require sophisticated expertise and equipment to fabricate, which 
limits end-user accessibility. Moreover, the sensitivity of the microposts to the particular 
cell type may need to be optimized. If the micropost is too soft, the post deflections become 
very large and extend towards the nonlinear range, thus obscuring force quantification. If 
the microposts are too stiff, the micropost deflections will be too small to visualize, thus 
reducing the system’s sensitivity. Therefore, optimization of the micropost dimensions 
may be necessary for probing traction forces for different cell types. In addition, due to the 
discrete nature of the substrate, ligand density quantification is more challenging. 
Furthermore, mPADs currently rely on the passive adsorption of large ECM proteins onto 
the micropost tips via microcontact printing [9]. Consequently, smaller adhesive peptides 




is not an issue with PA gel TFM, however, as users have previously tethered small adhesive 
peptides onto the gel surface [51, 52].  
mPADs, however, offer multiple advantages over PA gels. For example, mPADs 
rely on basic elastic beam theory, which makes force quantification easier and more 
reliable, as there is only one traction force field for each micropost displacement map. 
Moreover, mPAD stiffness is modulated geometrically instead of chemically [9, 65]. By 
simply changing the height or diameter of the posts, the bulk substrate stiffness can be 
tuned over a wide range [66]. Moreover, there is no need for recording the unstressed state 
of the substrate, as the posts are uniformly and precisely spaced after fabrication. Since the 
system is microfabricated, mPADs give users excellent precision over the surface chemical 
properties on the micrometer scale [9, 10, 67]. For example, users have generated highly 
intricate ECM surface patterns to study how cell-cell contact or cell shape regulates cell 
phenotype and traction force generation [10, 67]. Other studies have uncovered important 
insights on how substrate stiffness affects stem cell traction force generation, and 
differentiation into adipocytes or osteoblasts [9]. At the molecular level, recent studies have 
characterized the role of FA protein mutations on traction force generation [3], and 
examined how the cytoskeleton affects traction force generation and rigidity sensing [68]. 
Others have used mPADs to investigate the endothelial cell traction force response to 
laminar (atheroprotective) vs. disturbed (atheroprone) fluid shear stress, further 
underscoring the many diverse uses of the mPADs system [65]. Overall, mPADs offer 




researchers substantial flexibility over matrix mechanics and chemistry to suit their 
experimental application.  
In addition to traction forces at the ECM surface, the tension applied across the 
ECM-FA-cytoskeleton interface can also significantly influence cell behavior [69, 70]. 
Schwartz and colleagues pioneered the development of molecular sensors to quantify these 
forces [70, 71]. For example, a vinculin tension sensor was engineered to contain the 
mTFP1-Venus fluorophore pair between the vinculin head and tail domains [70]. The 
tension (~2.5 pN/FA average) applied across the sensor influences the spacing between the 
two fluorophores, which changes the sensor’s fluorescence emission due to Förster 
Resonance Energy Transfer (FRET) [70]. Subsequently, the change in fluorescence can be 
used to quantify the tension across the sensor with pN sensitivity after sensor calibration 
and validation [70]. Using the vinculin tension sensor, this group showed that vinculin 
tension is highest during FA assembly and enlargement, and lowest during FA disassembly 
or sliding [70]. Schwartz and colleagues also developed similar FRET tension sensors for 
endothelial cell VE-cadherin and PECAM-1 junctions [71], which play a critical role in 
vascular endothelial cell signaling and cytoskeletal alignment to laminar arterial-level (>10 
dyne/cm2) fluid shear stress [6, 71, 72]. Subsequently, this group showed that laminar fluid 
shear stress at 15 dyne/cm2 triggers a rapid (< 30 sec) decrease in junctional VE-cadherin 
tension and a simultaneous increase in junctional PECAM-1 tension (~2.0 pN/molecule 
average) that was dependent on vimentin [71]. Taken together, their results suggest that 
fluid shear stress initiates cytoskeletal reorganization, which then alters forces across cell-




monitoring of dynamic changes in molecular tension with pN sensitivity. However, these 
FRET sensors may not be adaptable to all cell types and proteins, depending on the cell 
type and sensor structure and sensitivity. Additionally, converting FRET change to 
molecular force requires the use of fluorescence lifetime imaging microscopy (FLIM), 
which is not accessible to most laboratories.   
To further characterize how molecular forces regulate integrin and notch signaling 
and initial cell-ECM adhesion, Wang and Ha developed a “tension gauge tether” (TGT) 
approach, where the ligand is immobilized onto a surface through a rupturable DNA-based 
tether [73]. The TGT rupture strength was tuned over the 12-56 pN range to restrict the 
maximal tension underlying the receptor-ligand interaction over several different values. 
Using this system, the authors showed that a peak tension of ~40 pN is critical to single 
integrin-ligand bonds during initial cell-ECM adhesion, although cells require significantly 
less force (< 12 pN) to activate Notch receptors [73]. Therefore, TGT not only measures 
forces across individual integrin-ligand receptors, but also provides molecular mechanical 
cues to regulate important cell behaviors, such as cell spreading, FA formation, and 
signaling [73]. Recently, another fluorescent sensor was developed to measure tension 
between integrins and adhesive ligands for cells cultured on 2D substrates [69]. Liu et al. 
developed a spring-like PEG chain (MW ~ 3400) coupled to a gold nanoparticle anchor on 
one end and both a fluorescent dye and an adhesive peptide on the other end. Under relaxed 
conditions, the fluorophore is close to the nanoparticle and the fluorescence is quenched 
from nanometal surface energy transfer (NSET) [69]. However, if the PEG chain is under 




quenching effect is abrogated to produce a significant change in detected fluorescence on 
the order of 1/r4 [69]. This change in fluorescence can be used to quantify molecular tension 
between the integrin receptors and adhesive peptide. Subsequently, they utilize the sensor 
to quantify tensions on the order of 1-15 nN across the integrin-ECM interface. Moreover, 
this system offers high spatial (< 1 µm) and temporal (100 ms) resolution [69]. In fact, the 
authors report a sensitivity 3 orders of magnitude greater than PA gel TFM or mPADs [69]. 
The system also allows users to incorporate different adhesive ligands onto the PEG chain, 
increasing the flexibility of the system, and allowing users to probe tension across specific 
integrin receptors. This system can also probe “clusters” of integrins instead of only one 
integrin receptor, as done in traditional micromanipulation techniques, such as AFM. 
However, the system currently requires specialized reagents and sophisticated expertise to 
operate, limiting its accessibility.    
Although significant progress has been made on understanding 2D cell traction 
forces, little is known about how cells generate traction forces in 3-dimensional (3D) 
environments. Although nearly all traction force studies to-date have been performed on 
2D substrates, many cellular processes are altered in 3D environments. For example, cells 
encapsulated in a 3D matrix exhibit significantly different cytoskeletal and FA structure 
[74], and sometimes form invasive protrusions to migrate and spread [75, 76]. In a 
pathological context, certain cancer cells in 3D exhibit significantly different gene 
expression, drug resistance, and metastatic behavior compared to cells cultured in 2D [77, 
78], further underscoring the importance of moving to 3D substrates for certain cell types. 




traction forces are paramount to attaining a more physiologically relevant understanding 
of how mechanical events drive cell function (Table 2).  
Table 2: Traction Force Microscopy Techniques.  
Adapted from Zhou DW et al, JBME, Review: Measurement Systems for Cell Adhesive 
Forces. 
 
3D TFM was first initiated through the use of 3D gels made from biological 
polymers, such as collagen or fibrin. For example, Koch et al. embedded carcinoma cells 
and 1 µm beads inside a 3D collagen matrix, and used the bead displacements to generate 
a strain energy map of the cell [78]. Although precise measurement of traction force is not 
possible due to the nonlinearity of the matrix material, these strain energies were used to 
approximate cell traction stresses. Nevertheless, these biological matrices are still used 
today, as a qualitative measurement of cell traction force generation can sometimes be 




traction force generation in both 2D and 3D, demonstrating that cytoskeletal contractility 
is similarly important for traction force generation in 2D and 3D [79]. Other users have 
modified this strategy to quantify forces underlying tissue morphogenesis, where 
fluorescent deformable microdroplets are functionalized with adhesive ligands and 
embedded inside embryonic tissue matrices [80]. Cells subsequently adhere to the droplets, 
and the droplet deformations can be used to estimate local stresses inside the tissue [80]. 
Using this strategy, the authors show that cells within mammary epithelial 3D aggregates 
generate stresses on the order of 3.4 nN/µm2, which is nearly two-fold higher than the 
stresses generated by cells inside the embryonic tooth mesenchyme, further underscoring 
the importance of forces during development [80].  
Alternatively, the use of 3D polyethylene glycol (PEG) gels allows for more 
reliable cell traction force quantification, as the material is linearly elastic [81, 82]. Chen 
and colleagues first demonstrated this technique by tethering adhesive peptides onto the 
PEG macromer, and crosslinking the functionalized PEG macromers with protease-
sensitive linkers to encapsulate the cells [81]. This ultimately creates a dense hydrogel 
network with pores on the nanometer scale [81, 82]. The adhesive peptides allow cells to 
adhere, while the protease-sensitive linkers allow cells to remodel the matrix to invade, 
migrate, and spread via protease secretion [81]. As the pore sizes are approximately an 
order of magnitude smaller than the beads, the beads are physically entrapped inside the 
hydrogel, which allows users to track bead displacements to estimate cell traction stresses 
[81]. Just like 2D PA gel TFM, the bead fields are imaged before and after cell detachment 




state are known [81]. Using the finite element method, a strain map is subsequently 
generated to estimate the cell traction stresses [81]. Although the geometry is different, the 
mathematical derivation of the cell’s traction stresses is very similar to 2D PA gel TFM, 
although inversion of the green’s function integral is significantly more computationally 
intensive. 3D gel TFM similarly requires regularization constraints, such as penalty terms 
for higher numbers of force vectors, restriction of traction forces to cell edges, or requiring 
that the net traction force is close to zero [81, 82]. Because these constraints can be 
subjective, an individual bead displacement field can lead to multiple different traction 
force maps, making the method susceptible to user bias and error. Imaging can also be a 
significant challenge for 3D hydrogels. Typically, high-magnification objectives are 
required to visualize beads and individual cells, but usually have significant working 
distance limitations into the gels. Recent studies also suggest the possibility of different 
hydrogel structural and mechanical properties as a function above the glass coverslip 
between 0 and 200 µm, which causes cells to be encapsulated in “2.5D” near the coverslip, 
and further compounds the working distance problem [83]. Moreover, this method suffers 
from uncertainties in tracking the bead positions and displacements, although uncertainty 
analysis can be performed to estimate these potential inaccuracies [81, 82]. Furthermore, 
3D PEG gel TFM usually requires the use of a high-end confocal microscope to eliminate 
out-of-focus light, making the system less accessible to others.  
However, 3D PEG gel TFM does offer numerous advantages. For example, the 
gel’s mechanical properties can be adjusted, by modulating gel composition and 




cell behavior [84, 85]. Likewise, the chemical properties can be adjusted to incorporate 
different adhesive ligands and other bioactive molecules, such as growth factors [86]. 
Therefore, 3D PEG hydrogels are a versatile traction force measurement system, and 
adaptable to a wide variety of different cell types and experimental conditions. Moreover, 
by allowing cells to be cultured in 3D, this technique allows us to examine cell mechanics 
in a significantly more physiologically relevant context.   
Although most studies still utilize 2D force measurement systems, 3D PEG gel 
traction force measurements are rapidly gaining in popularity. 3D gel TFM has also been 
used already to better characterize stem cell differentiation and cancer cell migration. For 
example, recent studies identify how stem cells form protrusions inside the matrix to 
generate force and migrate during differentiation [87]. Furthermore, several studies have 
uncovered insights between traction force generation and risk of cancer metastasis [78]. 
Although it is a relatively new experimental tool, 3D gel TFM is a rapidly growing system 
that will identify important insights on 3D cell-matrix mechanosensory interactions in the 
coming future.  
 
2.3 Vinculin and FA Mechanotransduction 
    Integrin-mediated adhesion is a highly regulated process involving integrin activation 
and mechanical coupling to ECM ligands [29, 40, 88-90]. Integrins regulate their affinity 
for ligands by undergoing conformational activation through “inside-out” signaling via 
binding of talin to the integrin tail [1, 91-93]. Following ligand binding, integrins cluster 




core that includes cytoskeleton elements, such as vinculin, talin and α-actinin, and 
signaling molecules, including FAK, Src and paxillin [15, 94-97]. FAs transmit forces 
required for anchorage, spreading and migration by modulating their size/composition and 
force transfer between the ECM and cytoskeleton [15, 98-100]. This function has been 
likened to a “mechanical clutch” between an engine and transmission. Several FA 
components regulate adhesive forces, including vinculin, talin, α-actinin, and FAK [79, 
101-109]. 
In addition to transmitting force, FAs are mechanosensitive. Direct application of 
external forces to adhesion complexes revealed that FAs respond to external forces by 
altering their size and composition [25, 110, 111]. Comprehensive mass spectrometry-
based analyses have established that recruitment of various proteins, including LIM-
domain proteins, to FAs requires myosin II-mediated contractility [16, 64, 111, 112]. 
Force-dependent changes in binding rates (“catch” bonds, where bond lifetimes increase 
with force) and protein unfolding to expose binding sites provides potential mechanisms 
for these mechanoresponses [18, 19, 111, 113]. For instance, Sheetz and colleagues 
elegantly demonstrated that forces applied across talin can expose additional binding sites 
for vinculin and other FA proteins [111]. Also, force application to integrin complexes 
increases recruitment and activities of the RhoA activators GEF-H1 and LARG [114]. 
Lastly, actomyosin contractility involving myosin II and the Rho GTPase effector ROCK 
regulates the assembly of FAs and stress fibers. Myosin II activity is also required for 
recruitment of vinculin and FAK, but not integrin, talin or paxillin, to FAs, and myosin II-




Force-dependent FA maturation provides a basis for ECM stiffness sensing [116-
118]. Substrate stiffness modulates FA size and traction force [6, 8, 50, 61, 68, 79, 118]. 
In the current model, myosin contractility-based cytoskeletal tension is dynamically tuned 
in response to ECM stiffness to regulate FA size, and consequently, adhesion maturation 
decreases on soft ECM substrates and is increased in cells attaching to stiff substrates [61, 
116]. FAK, vinculin, and α-actinin have been implicated in this matrix stiffness sensing 
mechanism [115, 116]. Additionally, cooperative interactions between β1 and β3 integrins 
contribute to stiffness sensing [24, 119]. Furthermore, Sheetz proposed that a key aspect of 
stiffness sensing is the ‘mechanical cycle,’ by which integrins bind to the matrix, attach to 
the cytoskeleton, transduce force, aggregate, unbind, and are recycled [120]. Notably, 
Waterman elegantly showed that FAs dynamically sample rigidity by applying fluctuating 
pulling forces to the ECM, and FAK-paxillin-vinculin signaling defines the rigidity range 
over which this sensing process operates to guide cell migration [116, 121]. Although these 
findings support our hypothesis for a local force-sensing module involving FAK and 
vinculin, how force and FAK activation are coupled and the roles of FAK and vinculin in 
force sensing remain poorly understood.  
Myosin contractility-driven recruitment of proteins to FAs and force-dependent 
unfolding of single FA proteins to expose binding sites provide mechanotransduction 
mechanisms [111], yet very little is known about how FAs sense and transmit force and 
how these forces are integrated into biochemical signals. For example, YAP/TAZ functions 
as a master regulator of mechanotransduction by relaying extracellular mechanical signals 




studies implicate YAP/TAZ in force-dependent stem cell responses to biomaterials [125]. 
Nevertheless, the relationship between YAP nuclear localization and force at FAs remains 
poorly understood. 
Vinculin regulates force transmission between the cell and its ECM [3]. Vinculin 
consists of a globular head domain (VH) that is linked to a tail domain (VT) by a proline-
rich strap [126]. The VH domain contains binding sites for talin and α-actinin [127, 128]. 
The VT domain includes binding sites for actin, phosphatidylinositol 4,5-biphosphate 
(PIP2) and paxillin [128]. Furthermore, the proline-rich strap contains binding sites for 
vasodilator-stimulated phosphoprotein (VASP), actin-related protein 2/3 (Arp 2/3), and 
vinexin [128]. Vinculin displays high-affinity head-tail binding, which leads to auto-
inhibition and regulates vinculin’s interactions with its binding partners at the head and tail 
domains [129, 130]. Vinculin activation is hypothesized to occur at FAs, upon 
simultaneous binding between talin and actin [94, 127, 128]. Moreover, recent reports 
show that actomyosin contractility and substrate stiffness influence vinculin recruitment to 
FAs [115, 131-133]. Our lab previously demonstrated that vinculin plays a critical role in 
force transmission, using MEFs transduced with various eGFP-tagged vinculin constructs. 
Specifically, we demonstrated that vinculin-null MEFs displayed a significant defect in 
force transmission. Furthermore, expression of a Vinculin Head mutant displayed a 
significant force transmission defect, suggesting that the vinculin head domain is not 
sufficient for force transmission but rather a full-length vinculin molecule is necessary to 
link vinculin to the CSK to support maximal force transmission. Taken together, these data 




transmission and underscore vinculin’s crucial role in cell mechanotransduction. 
Furthermore, given vinculin’s important role in force transmission, we anticipate that 
vinculin-dependent forces at FAs will regulate FAK localization and Y397 
phosphorylation at FAs and YAP nuclear accumulation.  
In current models of FA mechanotransduction, myosin contractility-based CSK 
tension is dynamically tuned in response to ECM stiffness to regulate FA size, and 
consequently, FA size decreases on soft ECM substrates and is increased in cells attaching 
to stiff substrates [134]. FAK, talin, vinculin, and α-actinin have all been implicated in this 
matrix stiffness sensing mechanism [115, 116, 135]. Additionally, cooperative interactions 
between β1 and β3 integrins contribute to stiffness sensing [119]. Notably, FAs 
dynamically sample rigidity by applying fluctuating forces to the ECM, and FAK-paxillin-
vinculin signaling defines the rigidity range over which sensing operates to guide cell 
migration [116]. Talin unfolding has also been implicated in matrix rigidity sensing [136]. 
Although these studies identify important roles for these molecules in ECM stiffness 
sensing, how force and FAK phosphorylation are coupled and regulated at FAs and 
the roles of these FA components in force sensing remain poorly understood. It is this 






CHAPTER 3. EFFECTS OF SUBSTRATE STIFFNESS & 
ACTOMYOSIN CONTRACTILITY ON VINCULIN-
PAXILLIN RECRUITMENT TO FOCAL ADHESIONS.   
This chapter and the corresponding figures are adapted from Zhou DW et al, Molecular 
Biology of the Cell, Effects of Substrate Stiffness and Actomyosin Contractility on 
Coupling Between Force Transmission and Vinculin-Paxillin Recruitment at Single Focal 
Adhesions. 2017. [137] 
3.1 Abstract 
Focal adhesions (FAs) regulate force transfer between the cytoskeleton and ECM-
integrin complexes. We previously showed that vinculin regulates force transmission at 
FAs. Vinculin residence time in FAs correlated with applied force, supporting a 
mechanosensitive model in which forces stabilize vinculin’s active conformation to 
promote force transfer. In the present study, we examined the relationship between traction 
force and vinculin-paxillin localization to single FAs in the context of substrate stiffness 
and actomyosin contractility. Substrate stiffness and contractility regulated vinculin 
localization to FAs, and vinculin auto-inhibition is a crucial regulatory step in this process 
that overrides the effects of cytoskeletal tension and substrate stiffness. Vinculin and 
paxillin FA area did not correlate with traction force magnitudes at single FAs, and this 
was consistent across different ECM stiffness and cytoskeletal tension states. Vinculin 




coupling was disrupted on soft substrates and in the presence of contractility inhibitors. In 
contrast, paxillin residence time at FAs was independent of force, substrate stiffness, and 
cytoskeletal contractility. Lastly, substrate stiffness and cytoskeletal contractility regulated 
whether vinculin and paxillin turnover dynamics are correlated to each other at single FAs. 
This analysis sheds new insights on the coupling among traction force, substrate stiffness, 
and FA dynamics. 
3.2 Introduction 
Cell adhesion to the extracellular matrix (ECM) is regulated by integrin receptors 
[1]. Following binding to ECM proteins, integrin clustering occurs to form focal adhesion 
(FA) complexes, which contain structural proteins that link the cell cytoskeleton to the 
ECM and signaling effectors that regulate cell division, migration, and differentiation [132, 
138, 139]. FAs provide cell anchorage by mechanically linking ECM proteins to the 
cytoskeleton [1, 2], and transmitting adhesive forces that drive signaling, proliferation, and 
tissue morphogenesis [9, 11, 139]. Actomyosin contractility plays a critical role in 
generating cell adhesive forces [47, 115, 140], and influences FA composition and size [99, 
141]. Single molecule experiments support a model for force-induced talin unfolding, 
which exposes cryptic binding sites for vinculin [111]. Furthermore, actomyosin 
contractility controls the recruitment of several FA proteins, such as vinculin and focal 
adhesion kinase (FAK) [115].  
Mechanosensitive responses to ECM stiffness influence diverse cell behaviors, 
such as cell fate commitment, migration, spreading, and FA assembly [53, 58]. Previous 




generation [142] and larger FAs [61]. FAs have also been implicated as principal sites for 
stiffness mechanosensing, through modules such as a FAK-phospho-paxillin-vinculin 
signaling axis [116], talin isoforms [136], or vinculin through its head-tail interactions 
[143]. Furthermore, localization of certain FA proteins, such as vinculin, is significantly 
influenced by substrate stiffness, whereas localization of other FA proteins, including 
paxillin, is relatively insensitive to substrate stiffness [115].  
Although previous studies examined the effects of substrate stiffness and 
cytoskeletal tension on FA assembly, it is still unclear how FA assembly is related to local 
adhesive force generation at the single FA level. In particular, the relationship between 
traction force and FA assembly is poorly understood. Both positive correlation [47, 112, 
144] and inverse correlation between force and FA size for FAs along the leading edge of 
cells [93] have been reported. Furthermore, others have reported lower forces during FA 
disassembly, whereas increases in force are correlated with FA assembly [70]. Indeed, 
coupling between FA size and traction force is only limited to the initial period during FA 
growth, where in the absence of growth history, FA size is a poor predictor of traction force 
[145]. Regardless of these conflicting results, it is well accepted that applied forces regulate 
FA size by modulating FA kinetics [3, 133]. 
Vinculin regulates force transmission between the cell and its ECM [3]. Vinculin 
consists of a globular head domain (VH) that is linked to a tail domain (VT) by a proline-
rich strap [126]. The VH domain contains binding sites for talin and α-actinin [127, 128]. 
The VT domain includes binding sites for actin, phosphatidylinositol 4,5-biphosphate 




for vasodilator-stimulated phosphoprotein (VASP) and actin-related protein 2/3 (Arp 2/3) 
[147]. Vinculin displays high-affinity head-tail binding, which leads to auto-inhibition and 
regulates vinculin’s interactions with its binding partners at the head and tail domains [129, 
130]. Vinculin activation is hypothesized to occur at FAs, upon simultaneous binding 
between talin and actin [94, 127, 128]. Moreover, recent reports show that actomyosin 
contractility and substrate stiffness influence vinculin recruitment to FAs [115, 131-133].  
Paxillin is a multi-domain protein that localizes to FAs and functions as a scaffold 
for the recruitment of numerous structural and signaling FA proteins that control cell-ECM 
adhesion, cytoskeletal organization, and signaling pathways necessary for cell migration 
and proliferation [148]. Furthermore, paxillin coordinates the spatiotemporal activation of 
Rho GTPases, which regulate the actin cytoskeleton, by recruiting GTPase activator, 
suppressor, and effector proteins to FAs [148]. Binding partners to paxillin include 
vinculin, tubulin, and FAK. Furthermore, paxillin localizes to FAs independently of 
actomyosin contractility and substrate stiffness [115].  
In this study, we examined how substrate stiffness and cytoskeletal tension regulate 
the relationship between force transmission and vinculin-paxillin recruitment at single 
FAs. Substrate stiffness and contractility regulated vinculin localization to FAs, and 
vinculin auto-inhibition overrides these effects. Vinculin and paxillin FA area did not 
correlate with traction force magnitude at single FAs, and this was consistent across 
different ECM stiffness and cytoskeleton tension states. Vinculin residence time at FAs 
linearly varied with applied force for stiff substrates, but this coupling was disrupted on 




time at FAs was independent of force, substrate stiffness, and cytoskeletal tension. Finally, 
substrate stiffness and cytoskeletal tension regulate whether vinculin and paxillin turnover 





Cells and Reagents 
eGFP-WT-vinculin and eGFP-T12-vinculin MEFs have been described previously 
[3]. MEFs were lentivirally transduced to express TagRFP-paxillin using EMD Millipore’s 
LentiBrite system. After transduction, TagRFP-paxillin positive cell populations were 
enriched by Fluorescence Activated Cell Sorting (FACS). Cells were maintained in 
DMEM containing 10% FBS, 1% sodium pyruvate, and 1% penicillin-streptomycin.  
Traction Force Microscopy 
Microfabricated post array deflection (mPAD) device silicon masters were 
prepared as described previously [22]. In brief, elastomeric micropost arrays were 
fabricated using PDMS replica molding. To make microfabricated post array templates, 
1:10 PDMS prepolymer was cast on top of silanized mPAD device silicon masters, cured 




Universal), and silanized overnight with (tridecafluoro-1,1,2,2,- tetrahydrooctyl)-1-
trichlorosilane (Sigma–Aldrich) vapour under vacuum. To make the final PDMS mPAD 
device, 1:10 PDMS pre-polymer was cast on the template, degassed under vacuum for 20 
min, and cured at 110 °C for 20 h and gently peeled off the template on a 25 mm diameter 
#1 circular coverslip (Electron Microscopy Services). Peeling induced collapse of the 
mPADs was rectified by sonication in 100% ethanol, followed by supercritical drying in 
liquid CO2 using a critical point dryer (Samdri-PVT-3D; Tousimis). Flat PDMS stamps 
were generated by casting 1:20 PDMS pre-polymer on flat and silanized silicon wafers. 
Stamps were coated in a saturating concentration of fibronectin (Thermo Fisher D307) (50 
μg/ml in PBS) for 1 h. These stamps were washed in sterile distilled water and dried under 
a stream of nitrogen gas. Subsequently, fibronectin-coated stamps were placed in contact 
with surface-oxidized mPAD substrates (UVO-Model 342; Jelight). mPAD substrates were 
labelled with 5 μg/ml DiD’ (Invitrogen) in distilled water for 10 min. mPAD substrates 
were subsequently transferred to a solution of 0.2% Pluronics F127 (Sigma–Aldrich) for 
30 min, to prevent nonspecific protein absorption. MEF cells were seeded in growth 
medium and then allowed to spread overnight. On the following day, mPAD substrates 
were transferred to an aluminium coverslip holder (Attoflour Cell Chamber; Invitrogen) 
for live cell microscopy and placed in a stage top incubator that regulated temperature, 
humidity and CO2 (Live Cell; Pathology Devices). Confocal images were taken with a 
Nikon C2-Confocal Module connected to a Nikon Eclipse Ti inverted microscope, using a 
high magnification objective (CFI Plan Apochromat total internal reflection fluorescence 




a 685/50 filter, vinculin images were captured using a 488 nm laser and 525/50 filter, and 
paxillin images were captured using a 561 nm laser and 595/50 filter. For force 
measurements, the top and bottom of the posts were sequentially imaged and the deflection 
measured. The resulting force, F, was calculated using Euler-Bernoulli beam theory, in 
which E, D, L and δ are the Young’s modulus, post diameter, post height, and post 
deflection respectively: 
𝐹 =  𝛿
3𝜋𝐸𝐷4
64𝐿3
         
Fluorescence Recovery after Photobleaching (FRAP) 
A confocal microscope head (Nikon C2) and inverted microscope (Nikon Eclipse 
Ti) equipped with a Melles-Griot Argon 488 laser and Coherent Sapphire 561 laser under 
the control of Nikon C2 Elements software were used for FRAP experiments. MEFs 
expressing eGFP-vinculin and TagRFP-paxillin were seeded overnight on fibronectin-
coated mPADs of varying stiffness. Cell-seeded mPADs were loaded into an Attofluor cell 
chamber (Invitrogen) and allow to equilibrate for >20 min. A 60x APO TIRF (1.49 N.A.) 
objective (Nikon) was used for imaging. Initial fluorescence intensity was measured using 
low laser power (0.3 - 1.0%) followed by photo-bleaching of a 0.85-μm-diameter circle 
inside FAs at 25% laser power (488) and 3.5% (561) laser power for 1 zoomed pass 
(bleached circle is defined within 512 × 512 pixel box). The recovery of fluorescence was 
monitored every 8 sec until a plateau in recovery was reached (5 pre-bleach and 35-40 
post-bleach images were acquired in each series recorded). Image series were analyzed in 




bleaching during image acquisition were applied to data extracted from the bleached 
region. Curves were fit to single exponential recovery model by assuming a reaction-
dominated system and disregarding any effects of diffusion, and the characteristic recovery 
time (t1/2) was calculated as previously described [3]. 
Statistical Analysis  
Regression analyses were performed using GraphPad Prism. ANOVA, Kruskal-
Wallis nonparametric tests, and post hoc tests were performed in GraphPad Prism. A p-






Vinculin, but not paxillin, recruitment to FAs is dependent on substrate stiffness and 
CSK contractility   
We first analyzed the effects of stiffness and CSK contractility on vinculin and 
paxillin localization to single FAs. We used mouse embryonic fibroblasts (MEFs) 
expressing fluorescent FA proteins. We chose to use MEFs because they are a commonly 
used cell type for adhesion studies and these cells generate robust FAs and forces [3]. 
Vinculin-null MEFs expressing enhanced green fluorescent protein (eGFP)-vinculin were 
lentivirally transduced to express Tag red fluorescent protein (TagRFP)-paxillin. Cells 
were cultured overnight on micropillar array detectors (mPADs) coated with fibronectin. 
This platforms allows for measurement of cell traction forces, by tracking the deflections 
of micropillars [9, 47, 63]. We used mPADs presenting a range of substrate stiffness 
values. The effective substrate stiffness of mPADs was modulated by changing micropost 
heights, where increasing the post height decreased the effective substrate stiffness [9]. 
One advantage of mPADs is their ability to mimic tissue stiffnesses found within 
biological tissues. We were able to tune mPAD stiffnesses between 3 and 17 kPa, which 
are comparable to multiple tissue types within the human body. For instance, neural and 
lung tissue are often around the 100-400 Pa range [149]. However, aortic and stromal 
tissue are around 3 kPa while smooth muscle tissue is at ~5 kPa and skeletal muscle 




We found that substrate stiffness significantly influences the recruitment of 
vinculin to FAs, consistent with previous work [115]. There was poor localization of 
vinculin to FAs on 3 kPa mPADs (Fig. 1A). Vinculin showed improved localization to FAs 
on 5 and 14 kPa mPADs (Fig. 1A). We observed significant paxillin localization to FAs 
for substrates with different stiffness (3, 5, and 14 kPa) (Fig. 1B). Vinculin FA area 
increased on stiffer substrates (Fig. 1C). In contrast, paxillin area at FAs was independent 
of substrate stiffness (Fig. 1D). These results demonstrate that substrate stiffness 
significantly regulates vinculin, but not paxillin, localization to FAs.  
 
Figure 1. WT vinculin recruitment is dependent on substrate stiffness and cytoskeletal 
tension. (A) vinculin (green) and (B) paxillin (red) on mPADs of 3, 5, and 14 kPa in the 
presence or absence of 20 µM blebbistatin for 1 h. White arrowheads indicate FAs. Scale 
bar 10 µm. Effects of substrate stiffness (C, D) and blebbistatin treatment (E, F) on vinculin 
and paxillin FA area, plotted as box-whisker plots (median, 10th, 25th, 75th, and 90th 




stiffness. # P < 0.01 vs. 3 kPa, ## P < 0.05 vs. blebbistatin. (G) Effects of substrate stiffness 
and actomyosin contractility on vinculin/paxillin intensity ratio at single FAs (n > 25, mean 
+/- SD). * P < 0.01 vs. 3 kPa, ** P < 0.01 vs. respective WT control, && P < 0.01 vs. 5 
kPa WT.  
 We next examined the effects of actomyosin contractility on vinculin and paxillin 
FA localization to FAs on fibronectin-coated mPADs. Treatment with blebbistatin (20 µM, 
1 h), a potent and selective inhibitor of myosin II activity [150], significantly reduced 
vinculin localization to FAs and vinculin area at FAs for 5 and 14 kPa substrates (Fig. 
1A,E). Although paxillin localization to FAs was evident in the presence of blebbistatin 
(Fig. 1B), inhibition of contractility did reduce paxillin area at FAs for 3 and 5 kPa 
substrates (Fig. 1F). In contrast to vinculin, blebbistatin treatment had no effect on paxillin 
FA area for the stiff 14 kPa substrate (Fig. 1F).  
The images in Fig. 1A and B show good co-localization of vinculin and paxillin to 
FAs, especially for stiffer substrates. We therefore computed the ratio of vinculin intensity 
to paxillin intensity at single FAs. This intensity ratio has been previously used as a metric 
to compare vinculin and paxillin co-localization to FAs [131]. The vinculin-to-paxillin 
ratio increased with substrate stiffness, indicating increased co-localization of vinculin and 
paxillin (Fig. 1G). Blebbistatin treatment eliminated the substrate stiffness-dependent 
increases in vinculin-to-paxillin ratio, demonstrating that actomyosin contractility is 
required for vinculin-paxillin co-localization to FAs.  
 
Vinculin auto-inhibition is crucial to FA localization and overrides the effects of CSK 




 Craig and colleagues previously showed that simultaneous vinculin head binding 
to talin and vinculin tail binding to the actin CSK promotes vinculin activation and FA 
localization [127]. However, this model has not been tested as a function of both substrate 
stiffness and CSK contractility. Therefore, we sought to determine the role of vinculin’s 
auto-inhibition in FA localization, and whether this was dependent on substrate stiffness 
or CSK tension. We used a MEF line that expresses eGFP-T12-vinculin [3]. The T12 
vinculin mutant is a full-length variant with mutations on the head-tail interface that reduce 
head to tail binding affinity by 100-fold, resulting in an open conformation that can readily 
bind actin and talin [129]. We also lentivirally transduced the eGFP-T12-vinculin MEFs to 
express TagRFP-paxillin to assess the co-localization between T12 vinculin and paxillin.  
 We observed significant localization of both T12 vinculin and paxillin to FAs on 
soft (3 kPa), moderate (5 kPa), and stiff (14 kPa) mPAD substrates (Fig. 2A-B). Both T12 
vinculin and paxillin area at FAs were independent of substrate stiffness (Fig. 2C-D). 
Although we still observed significant vinculin and paxillin localization at FAs, 
blebbistatin treatment significantly decreased vinculin and paxillin area at FAs for 3 and 5 






Figure 2: T12 vinculin and paxillin recruitment to FAs are independent of substrate 
stiffness and actomyosin contractility. (A) T12 vinculin (green) and (B) WT paxillin (red) 
on mPADs of 3, 5, and 14 kPa in the presence or absence of 20 µM blebbistatin for 1 h. 
White arrowheads indicate FAs. Scale bar 10 µm. Effects of substrate stiffness (C-D) and 
blebbistatin treatment (E-F) on T12 vinculin and paxillin FA area plotted as box-whisker 
plots (median, 10th, 25th, 75th, and 90th percentile, n > 25). # P < 0.01 vs. blebbistatin. (G) 
Effects of substrate stiffness and actomyosin contractility on T12 vinculin/paxillin ratio at 
single FAs (n > 25, mean +/- SD).  
 
 We also measured the ratio between T12 vinculin intensity and paxillin intensity at 
FAs, and found that the intensity ratio was high and equivalent across different substrate 
stiffness and CSK contractility state (Fig. 2G). This result indicates that T12 vinculin and 
paxillin co-localization to FAs is independent of substrate stiffness and actomyosin 
contractility.  Taken together, our results demonstrate that substrate stiffness and 
contractility regulate vinculin localization to FAs, and vinculin auto-inhibition is a crucial 




stiffness. In contrast to vinculin, paxillin localization to FAs was insensitive to substrate 
stiffness and actomyosin contractility and independent of vinculin head-tail auto-
inhibition.  
 
Coupling between force transmission and vinculin-paxillin localization at single FAs   
A key advantage of mPADs is the ability to analyze traction force at single FAs for 
different substrate stiffness values. Although previous studies have explored the effects of 
vinculin’s head-tail interactions in driving FA localization [151], it is not understood how 
this process is related to force at the single FA level. Therefore, we used mPADs to measure 
traction forces for MEFs expressing either WT or T12 eGFP-vinculin. Traction forces were 
computed by measuring micropost deflections and multiplying the deflections with known 
micropost stiffnesses [3, 64]. This allows for simple quantification of forces, compared to 
polyacrylamide gel traction force measurements, which often require sophisticated 
computer algorithms [48]. We analyzed forces at single FAs on 3, 5, and 14 kPa mPADs 
with or without blebbistatin treatment. WT vinculin-expressing MEFs exhibited 
significantly higher forces at single FAs on 14 kPa mPADs compared to cells cultured on 
3 or 5 kPa substrates (Fig. 3A). Blebbistatin treatment (20 µM, 1 h) significantly reduced 
forces at single FAs for all substrate stiffness values evaluated. We next analyzed the 
relationship between traction force and vinculin or paxillin area at single FAs. Consistent 
with a previous report [152], we found that vinculin or paxillin area did not correlate with 




similar results, albeit with lower traction forces, for MEFs treated with blebbistatin on 3, 
5, and 14 kPa mPADs as well (Fig. 3B-C).  
 
Figure 3: Traction forces at single FAs for MEFs expressing WT vinculin and WT paxillin, 
in the presence or absence of blebbistatin. (A) Traction forces at single FAs for WT MEFs 
cultured on mPADs of 5, 9, and 14 kPa (n > 25 FAs, randomly selected from 6 cells on 
each condition). P < 0.01 for one-way ANOVA, ** P < 0.01 vs. 3 and 5 kPa, # P < 0.01 
vs. blebbistatin. (B) Relationship between traction force and FA area at single FAs. 
 
 
We repeated this analysis for MEFs expressing T12 vinculin, and observed similar results, 
where T12 vinculin-expressing cells displayed higher forces at FAs on stiffer substrates 
(Fig. 4A). Furthermore, blebbistatin treatment significantly reduced forces at FAs on all 




force at the single FA level for all substrate stiffness values examined and in the presence 
of blebbistatin (Fig. 4B-C). Gardel and colleagues previously reported that without 
knowledge of FA assembly history, FA size is a poor predictor of the degree of tension 
exerted on the ECM [145]. Here, we extend these findings for both vinculin and paxillin 
for varying substrate stiffness and CSK tension states. 
 
Figure 4: Traction forces at single FAs for MEFs expressing T12 vinculin and WT paxillin, 
in the presence or absence of blebbistatin. (A) Traction forces for T12 MEFs cultured on 
mPADs of 5, 9, and 14 kPa (n > 25 FAs, randomly selected from 6 cells for each condition). 
P < 0.01 for one-way ANOVA, ** P < 0.01 vs. 3 and 5 kPa, # P < 0.01 vs. blebbistatin. 
(B) Relationship between traction force and FA area at single FAs.  
 
 
Effects of substrate stiffness on vinculin and paxillin residence time at FAs  




FAs function as sites for stiffness mechanosensing and force transmission [3, 47, 94, 112]. 
Although others have analyzed turnover of different FA proteins and whether CSK 
contractility modulates FA turnover rates [133], most of these studies have been performed 
on glass substrates, with mechanical properties that poorly represent physiological values. 
Furthermore, how force is related to FA turnover is poorly understood. We previously 
reported a model of vinculin turnover at FAs, where forces applied across the vinculin 
molecule increase vinculin’s residence time at FAs [3]. We therefore sought to examine 
the relationship between traction force and vinculin-paxillin turnover at single FAs in the 
context of substrate stiffness and CSK contractility. 
We examined the relationship between vinculin and paxillin residence times at FAs 
and applied force by performing FRAP experiments on cells on mPADs of different 
stiffness values. We examined recovery times after photobleaching for eGFP-vinculin and 
TagRFP-paxillin-containing FAs associated with posts with known deflections. In this 
fashion, we could monitor vinculin dynamics at FAs under force. Fig. 5 demonstrates 
representative recovery images and profiles for both vinculin and paxillin, under varying 
levels of traction force. Furthermore, we previously demonstrated that during FRAP 
experiments, there are negligible changes in force generation at a single FA that was 
photobleached during the recovery time course [3].  
We first analyzed the effects of substrate stiffness on vinculin and paxillin turnover 
at single FAs on 5, 9, 14, and 17 kPa mPADs (Fig. 6). We did not include 3 kPa mPADs 
for the FRAP studies, as WT vinculin recruitment to FAs was significantly attenuated on 




quantify turnover, our primary metric was the half-life recovery time (t½), which is the time 
it takes for 50% fluorescence recovery after photobleaching. 
 
Figure 5: FRAP at single FAs. (A) Sample recovery images for vinculin (green) and 
paxillin (red) for an FA under high (24 nN) force. Scale bar 4 µm. Blue circle indicates 
photobleached region. FRAP recovery curves for (B) WT vinculin and (C) WT paxillin 
recovery at FAs transmitting different forces.  
 
For WT vinculin, vinculin turnover rate at FAs was relatively insensitive to 
substrate stiffness, although vinculin t½  on 17 kPa mPADs (~30 sec) was significantly 
lower than that of 5 kPa mPADs (~58 sec) (Fig. 6A).  However, linear regression analyses 
for vinculin t½ and substrate stiffness showed no relationship (Fig. S1). We then tested 
whether CSK contractility influenced vinculin turnover rate, and whether this was 
dependent on substrate stiffness. To inhibit contractility, we used Y27632, a potent and 
selective ROCK inhibitor [154], because blebbistatin exhibits photo-toxicity effects during 




min) did not alter vinculin turnover rate at FAs for 5, 9, 14, and 17 kPa mPADs (Fig. 6B). 
These results indicate that substrate stiffness and CSK contractility state do not 
significantly influence vinculin residence times at single FAs.  
We performed similar analyses for paxillin turnover rate at FAs. Substrate stiffness 
had modest effects on paxillin residence time (Fig. 6C). Paxillin t½ values on 14 kPa 
substrates (~46 sec) was higher compared to 5, 9, and 17 kPa mPADs (~34 sec), but only 
by 25%. Linear regression analyses showed no relationship between paxillin residence time 
and substrate stiffness (Fig. S1). Y27632 treatment (10 µM, 30 min) resulted in higher 
paxillin t½ for 5 and 9 kPa substrates but had no effects on stiffer substrates (Fig. 6D). These 
results indicate that paxillin residence time at FAs depends on CSK tension, but only for 










Figure 6: Effects of substrate stiffness on (A-B) vinculin and (C-D) paxillin residence times 
at single FAs, plotted as box-whisker plots (median, 10th, 25th, 75th, and 90th percentile, n 
= 18-25 FAs for each condition). For both vinculin and paxillin, P < 0.01 for one-way 
ANOVA for substrate stiffness. For WT vinculin, # P < 0.01 vs. 5 kPa. For paxillin, # P < 
0.01 vs. 5, 9, 17 kPa, ** P < 0.01 vs. Y27632. 
 
Correlation between force transmission and vinculin-paxillin turnover at FAs  
We next examined the relationship between vinculin-paxillin turnover rate and 
applied traction force at single FAs for different substrate stiffness values. We observed a 
linear relationship between applied traction force and residence time at FAs  for WT 
vinculin  for stiffer mPADs of 14 and 17 kPa (Fig. 7). This linear relationship was 
abrogated on softer mPADs of 5 and 9 kPa. Furthermore, Y27632 eliminated the linear 
relationship between recovery time and force for vinculin on stiff mPADs of 14 and 17 
kPa. These findings support a mechanosensitive model for vinculin activation in which 




residence times at FAs to transfer force under stiffer substrates. However, this relationship 
only holds on stiff substrates and in the presence of sufficient CSK contractility. In contrast 
to vinculin, paxillin residence times at FAs did not vary with applied traction force for any 
substrate stiffness (Fig. 8). Taken together, these data suggest that substrate stiffness and 
actomyosin regulate the coupling between vinculin turnover rate and local traction force at 
single FAs, but there is no coupling between paxillin residence time and applied force, 
substrate stiffness, or CSK contractility.  
 
 
Figure 7: Coupling between vinculin t1/2 and force at single FAs for MEFs cultured on 
difference substrate stiffness with and without Y27632 treatment.  Vinculin t1/2 and force 
are linearly coupled on 14 and 17 kPa, while this coupling is abrogated on softer substrates 
and after Y27632 treatment.  
 
 
Simultaneous measurement of vinculin and paxillin turnover rates at single FAs  
The differences between vinculin and paxillin on the dependence of turnover rate 




the same FA under a given applied traction force.  On stiff 14 and 17 kPa mPADs, where 
we observed linear coupling between vinculin residence time and force, there was no 
significant relationship between vinculin and paxillin residence time (Fig. 9). However, on 
softer 5 and 9 kPa mPADs, a linear relationship between vinculin residence time and 
paxillin residence time was observed. Strikingly, Y27632 treatment resulted in a linear 
relationship between vinculin and paxillin residence times all mPAD stiffness values (Fig. 
9). Overall, these results show that soft substrates or contractility inhibition yields a strong 
correlation between vinculin and paxillin residence times at single FAs. However, on stiffer 
substrates in the presence of actomyosin contractility, vinculin and paxillin residence times 
are not correlated.  
 
 
Figure 8: Correlation between paxillin t1/2 and force at single FAs for MEFs cultured on 
difference substrate stiffnesses with or without Y27632 treatment.  Paxillin t1/2 and force 









Figure 9: Correlation between paxillin t1/2 and vinculin t1/2 at single FAs for MEFs cultured 
on different substrate stiffness with or without 10 µM Y27632 treatment.  Linear coupling 
between paxillin t1/2 and vinculin t1/2 at single FAs for MEFs cultured on 5 and 9 kPa 







Figure 10: Model for vinculin-dependent force transfer and localization to FAs. (A) On 
stiff substrates, vinculin is recruited to better distribute high applied forces across FA. High 
forces applied across vinculin stabilize vinculin at FA to promote force transfer. 
Contractility inhibition unloads vinculin molecule, and promotes it disengage from FA. 
Paxillin recruitment is independent of stiffness and CSK tension. (B) On soft substrates, 
less vinculin is recruited, as there is less force to distribute across FA. Consequently, 
vinculin recruitment occurs through force-independent mechanisms. Contractility 
inhibition unloads vinculin molecule, and promotes its disengagement from FA, while 
paxillin recruitment is independent of stiffness and CSK tension. 
 
3.5 Discussion 
How force regulates FA assembly is poorly understood. In this study, we examined 
the relationship between traction force and vinculin-paxillin localization to single FAs in 
the context of substrate stiffness and actomyosin contractility. Substrate stiffness and 




paxillin localization to FAs. In contrast to WT vinculin, T12 vinculin localization to FAs 
was independent of substrate stiffness and CSK contractility. This result indicates that 
vinculin auto-inhibition is a crucial regulatory step in vinculin localization to FAs that 
overrides the effects of CSK tension and substrate stiffness.  
We also found that vinculin and paxillin FA area do not correlate with traction force 
magnitude at a single FA, and this observation holds consistent across different ECM 
stiffness and CSK tension states. However, vinculin residence time at FAs varied linearly 
with traction force for stiff substrates, but this coupling was disrupted on soft substrates 
and in the presence of contractility inhibitors. In contrast, paxillin residence time at FAs 
was independent of traction force, substrate stiffness, and CSK contractility. Furthermore, 
substrate stiffness and CSK contractility regulate whether vinculin and paxillin turnover 
dynamics are correlated to each other at single FAs. We showed that vinculin turnover and 
paxillin turnover at the same FA are linearly correlated with each other on soft substrates 
(5 and 9 kPa), and also in the presence of contractility inhibition. On stiff substrates (14 
and 17 kPa), however, this coupling is abrogated, whereas vinculin residence time and 
force become linearly correlated. These findings suggest that vinculin functions as a 
mechanosensor for substrate stiffness, contractility, and traction force by modulating 
vinculin residence time at FAs whereas paxillin residence time at FAs is insensitive to these 
mechanical stimuli.  
 We previously reported that vinculin residence time at FAs correlate with traction 
force, supporting a mechanosensitive model, in which forces stabilize vinculin’s active 




the relationship between applied force and residence time, underscoring the importance of 
head-tail inhibition in regulating vinculin residence time. Based on our new data, we 
propose that vinculin serves a mechanosensor and integrator of forces at FAs via its head-
tail auto-inhibition. At FAs, ECM-integrin traction forces must be balanced by CSK 
tension arising from actomyosin contractility for mechanical equilibrium [15]. Vinculin 
regulates this force balance by localizing to FAs and transferring forces across the ECM-
CSK linkage [3]. Fig. 10 presents a conceptual model that captures experimental results 
for perturbations of the ECM-CSK force balance: 
Substrate stiffness: On stiff substrates, cells generate high traction forces, which are 
balanced by high CSK tension that is necessary for spreading. This results in high forces 
across the FAs, but if the CSK tension is too high, the adhesive cluster will detach [15]. 
Because vinculin residence time at FAs varies linearly with traction force on stiff 
substrates, these elevated forces result in longer vinculin residence times and consequently, 
larger vinculin FA area. The increased FA area distributes the applied force across the FA 
to reduce the load for each ECM-CSK linkage and prevent the linkages from failing. 
Conversely, on soft substrates, low traction forces are balanced by low CSK tension, and 
therefore, low forces are transmitted across the FA. Accordingly, vinculin molecules at the 
FA carry lower forces and vinculin residence time at FAs is dominated by head-tail auto-
inhibition and independent of force.  
Contractility inhibition: Treatment with blebbistatin or Y27632 inhibits actomyosin 
contractility to reduce CSK tension and lower traction forces. The reduced CSK tension 




vinculin auto-inhibition controls residence times at FAs and reduces vinculin FA area. 
Furthermore, during contractility inhibition, vinculin turnover occurs through force-
independent mechanisms; these mechanisms may be similar to those of paxillin, as we 
observed significant correlation between vinculin and paxillin residence time on soft 
substrates or in the presence of contractility inhibitors.  
Although factors like diffusion may influence vinculin localization within the cell, 
we stipulate that vinculin’s conformational switch is the primary factor that regulates its 
recruitment to FAs. In the auto-inhibited conformation, vinculin exhibits head-tail 
binding that prevents it from localizing to FAs. However, simultaneous binding of 
vinculin to talin and actin works with actomyosin contractility to separate the head and 
tail domains, leading to vinculin’s open conformation and localization to FAs. Indeed, 
this idea is supported by previous findings [151], showing that a mutated vinculin with 
reduced head-tail auto-inhibition has significantly longer residence time at FAs and 
increased talin binding. Furthermore, other mechanisms, such as vinculin tail binding to 
PIP2 [156], which is enriched at FAs, provide compelling explanations for vinculin’s 
specific recruitment to FAs.  
Our lab previously proposed a model where forces transmitted across vinculin 
stabilizes its open conformation and localization at FAs to promote force transfer. 
However, it is unclear how directionality of actin-vinculin binding influences vinculin-
actin catch bond lifetime. Dunn and colleagues previously showed using a single-
molecule optical trap assay that vinculin forms a catch bond with F-actin through its tail 




directionality of applied force. Specifically, forces applied towards the (-) end of actin 
resulted in bonds with a mean lifetime (12 seconds) 10 times as long as the mean lifetime 
of the bond when force was applied toward the barbed (+) actin end [157]. Taken 
together, these data indicate that force directionality regulates vinculin’s role in FA 
mechanosensing. Although this model was further validated using a computational model 
of a cell protrusion [157], further validation within living cells, such as measurement of 
vinculin on and off dynamics at FAs under different directionality of vinculin-actin 
binding, is critical to confirm the authors’ hypothesis.   
In contrast to vinculin, paxillin localization to FAs is relatively insensitive to 
substrate stiffness or actomyosin contractility. We observed significant paxillin 
localization to FAs on all substrate stiffness values and CSK tension states. Furthermore, 
no significant relationship between force and paxillin residence time was observed for any 
of the substrate stiffness values evaluated. These findings are consistent with the fact that 
paxillin has not been implicated as a regulator of force transmission at FAs, but rather as 
an important component of the integrin signaling layer [95]. Paxillin, however, may still 
have important functions for mechanotransduction at FAs. For instance, phospho-paxillin 
facilitates vinculin recruitment to FAs [115], and a FAK-phospho-paxillin-vinculin 
signaling is involved in stiffness sensing during cell migration [116].  Taken together, the 
present analysis sheds new insights on the coupling among traction force, substrate 





CHAPTER 4. VINCULIN REGULATES FORCE-FAK 
LOCALIZATION AND FORCE-FAK Y397 
PHOSPHORYLATION COUPLING AT INDIVIDUAL 
FOCAL ADHESIONS AND YAP MECHANOSENSING.  
4.1 Abstract 
Integrin-mediated adhesion to extracellular matrices (ECM) provides forces and 
signals that direct cell processes central to tissue organization, homeostasis, and disease. 
Recent studies suggest that forces generated at focal adhesions (FAs) lead to FA growth 
and maturation, yet it remains unclear how forces are transduced into adhesive signals. We 
seeded fibroblasts onto ECM-coated micropost-array-detectors (mPADs) and examined 
whether levels of FAK recruitment and Y397 phosphorylation were related to force at 
individual FAs. We found that force-FAK localization and force-pY397-FAK levels are 
linearly coupled at single FAs on stiff substrates. On soft substrates or upon contractility 
inhibition, these linear couplings are eliminated. We also assessed the roles of talin and 
vinculin, which are important force transducing proteins, in regulating FAK recruitment 
and Y397 phosphorylation at FAs and YAP nuclear accumulation. We found that talin is 
required for FAK localization and Y397 phosphorylation at FAs and mediates force-FAK 
linear coupling at FAs via talin-FAK binding.  Furthermore, vinculin is not required for 
averaged levels of FAK localization and Y397 phosphorylation at FAs. However, a full-
length vinculin molecule that binds talin and actin is required for linear coupling between 




we demonstrate that a full-length vinculin molecule that binds talin and actin is required to 
promote YAP nuclear accumulation.  
From these data, we propose a sequential model where talin and actomyosin 
contractility-dependent forces promote talin-dependent FAK localization to FAs, where 
FAK Y397 phosphorylation then occurs. As FA growth occurs, a FAK-talin-vinculin 
complex is necessary to couple force generation and continued FAK recruitment and Y397 
phosphorylation at individual FAs, whereas an integrin-talin-vinculin complex, FAK 
kinase activity, and contractility are required to enhance YAP nuclear accumulation. 
Lastly, talin, vinculin, contractility, and pY397-FAK promote YAP nuclear accumulation. 
These findings demonstrate that force generation and FAK recruitment-Y397 
phosphorylation are coupled at FAs and underscore the role of talin and vinculin in 
regulating force-signaling coupling at FAs and YAP nuclear accumulation. Taken together, 
we anticipate that our results generate new insights into how cell adhesive forces are 






Cell adhesion to the extracellular matrix (ECM) is regulated by integrin membrane 
receptors, which are composed of α and β subunits [1]. Following integrin-ECM binding, 
integrins cluster and form focal adhesion (FA) complexes, which contain structural 
proteins that link the cytoskeleton (CSK) to bound integrins and signaling effectors (e.g. 
paxillin, FAK, Src) that regulate processes, such as migration [138], differentiation [2], and 
development [158]. Cell-ECM adhesive interactions regulate host-implant responses for 
medical devices and tissue-engineered constructs and play a crucial role in disease and 
pathogenesis (e.g. cancer, atherosclerosis) [6, 117, 159], further underscoring the 
importance of cell-ECM adhesion [5].  
FAs provide support and anchorage for the cell, by mechanically linking ECM 
proteins to the CSK [1, 2] and transmitting forces that regulate cell migration, survival, and 
tissue morphogenesis [9-11]. Our lab previously proposed a force-equilibrium model for 
ECM area-regulated assembly of stable FAs [15]. Talin-activated integrins bind to ECM 
and assemble into clusters containing talin and vinculin. CSK tension applies force to FAs 
via actomyosin contractility. This CSK force is balanced by the adhesive force generated 
by integrin-FN clusters [15]. Below an area threshold, the adhesive force cannot support 
the CSK tension and the cluster is unstable and detaches from FN. Above this area 
threshold, the integrin-FN cluster is large enough to generate sufficient adhesive force to 
support the applied CSK tension [15]. Consequently, our model suggests that a balance of 




Vinculin regulates adhesive force transmission between the cell’s integrin receptors 
and surrounding ECM proteins [3]. Vinculin consists of a globular head domain (VH) that 
is linked to a tail domain (VT) by a proline-rich strap [126]. The VH domain contains 
binding sites for talin and α-actinin [127, 128]. The VT domain includes binding sites for 
actin, paxillin, and phosphatidylinositol 4,5-biphosphate (PIP2) [128]. Vinculin displays 
high-affinity head-tail binding, which leads to auto-inhibition [129, 130]. Vinculin 
activation is hypothesized to occur at FAs, upon engagement to talin via VH and actin via 
VT, which consequently leads to head-tail domain separation, FA localization, and force 
transmission [3, 94, 127, 128]. Furthermore, we previously found a positive linear 
relationship between force and vinculin residence time at FAs on stiff substrates, 
supporting a model where forces applied across vinculin stabilize its open conformation 
and localization at FAs [3, 137].  
Whereas mechanotransduction research analyzes force-transducing proteins like 
vinculin, other FA proteins such as focal adhesion kinase (FAK) are key signaling 
regulators at FAs [5]. FAK is a 125 kDa non-receptor tyrosine kinase that localizes to the 
integrin signaling layer in FAs [95]. FAK is comprised of an N-terminal FERM (band 4.1-
ezrin-radixin-moesin) domain, central kinase domain, and a C-terminal FAT (focal 
adhesion-targeting) domain that helps recruit FAK to FAs [138]. The FERM and kinase 
domains are usually bound to each other, resulting in a closed auto-inhibited conformation 
[97, 138]. FAK activity is primarily regulated by Tyr397 (Y397) auto-phosphorylation, 
which in turn leads to Src association and Src-mediated phosphorylation at Y576/577, 




phosphorylation targets include paxillin, p130Cas, Src, VE-cadherin, and α-actinin [3]. 
Furthermore, recent computational models have proposed that forces applied across FAK 
are directly responsible for regulating its phosphorylation and promoting FAK signaling 
activity [160]. However, experimental studies assessing how force and FAK are coupled 
at FAs are currently lacking.  
Yes-associated protein (YAP) is a mechanosensitive transcriptional factor that 
regulates cancer, development, and organ size [123, 161, 162]. YAP can localize to either 
the cytoplasm or the nucleus, where it binds and activates TEAD transcription factors 
[123]. YAP can be regulated by a combination of biochemical and mechanical cues [123]. 
At the biochemical level, the Hippo pathway regulates YAP activity by Lats-mediated 
phosphorylation, which inhibits YAP and promotes cytoplasmic localization [162]. 
Furthermore, recent work by Meng et al demonstrates that increased ECM stiffness is 
transduced into decreased RAP2 activity, which in turn enhances YAP nuclear 
accumulation [163]. At the mechanical level, ECM stiffness [164], cytoskeletal assembly 
[165], or cell spreading area [122], can regulate YAP nuclear accumulation. Furthermore, 
Roca-Cusachs and colleagues have proposed a mechanical model of YAP nuclear 
accumulation, where integrin-ECM-nuclear mechanical coupling promotes YAP nuclear 
localization in response to ECM stiffness [166]. However, it is unclear how FA proteins, 
such as vinculin, can regulate YAP nuclear accumulation. Although previous studies have 
shown that vinculin depletion results in reduced nuclear YAP levels, the mechanism by 




The relationship between FA signaling and force generation and whether structural 
proteins like vinculin influence FA signaling, in particular FAK phosphorylation, remains 
poorly understood. Although experiments involving averaged or cell population-level 
measurements (e.g. Western blotting or immunostaining) show that actomyosin 
contractility is required for FAK Y397 phosphorylation [115], how force regulates FAK 
Y397 phosphorylation at individual FAs remains unclear. In the present study, we seeded 
mouse embryonic fibroblasts (MEFs) expressing mutated FA constructs onto mPADs and 
assessed whether FAK localization and Y397 phosphorylation were related to force at FAs.  
For WT MEFs, we found that force and FAK localization are linearly coupled at 
single FAs on stiff (14 kPa) substrates. However, on low stiffness (5 kPa) or after 
contractility inhibition, the relationship between FAK localization and force is eliminated. 
Furthermore, force and pY397-FAK levels at FAs are linearly coupled on stiff (14 kPa) 
substrates. Subsequently, we assessed the role of force-transducing proteins, such as 
vinculin and talin, in regulating FAK localization and Y397 phosphorylation at FAs. We 
demonstrate that talin is required for FAK localization and Y397 phosphorylation and 
mediates force-FAK linear coupling at individual FAs via talin-FAK binding. Although 
vinculin is not required for FAK localization and Y397 phosphorylation at FAs, a full-
length vinculin molecule that binds to talin and actin is required to linearly couple force-
FAK localization and force-FAK Y397 phosphorylation at FAs. We also demonstrated that 
FAK’s kinase function is required to promote FAK Y397 phosphorylation, although force-
FAK localization linear coupling still occurs in kinase dead FAK-expressing cells. Lastly, 




accumulation, and a full-length vinculin molecule that binds talin and actin is necessary to 
promote YAP nuclear accumulation.  
 
4.3 Materials and Methods 
Cells and Reagents 
eGFP-WT-vinculin, eGFP-VH-vinculin, eGFP-A50I-vinculin, eGFP-T12-vinculin, 
and vinculin-null MEFs have been described previously [3]. Cells were maintained in 
DMEM containing 10% FBS, 1% sodium pyruvate, and 1% penicillin-streptomycin. WT 
GFP-FAK, E1015A GFP-FAK, K454R GFP-FAK (kinase dead), and FAK-null MEFs 
have been described previously [104, 158] and were kindly provided by David Schlaepfer 
(UCSD). Talin-1 was depleted using talin-1 shRNA lentiviral particles (Santa Cruz 
Biotechnology) in DMEM containing 6 µg/mL polybrene. Control cells were treated with 
scrambled shRNA lentiviral particles (Santa Cruz Biotechnology). After addition of 
lentiviral particles, cells were centrifuged at 1,200 xg for 30 min in a swinging bucket rotor 
and then incubated for 24 hours at 37°C and 5% CO2. Afterwards, the cell culture media 
was aspirated and replaced with fresh media. The transduced cells were then selected using 
4 µg/mL puromycin for 3-4 days, expanded, and either used for experimentation or 






Traction Force Microscopy 
Microfabricated post array detector (mPAD) device silicon masters were prepared 
as described previously [22]. In brief, elastomeric micropost arrays were fabricated using 
PDMS replica molding. To make microfabricated post array templates, 1:10 PDMS 
prepolymer was cast on top of silanized mPAD device silicon masters, cured at 110 °C for 
30 min, peeled off gently, oxidized with oxygen plasma (Plasma-Preen; Terra Universal), 
and silanized overnight with (tridecafluoro-1,1,2,2,- tetrahydrooctyl)-1-trichlorosilane 
(Sigma–Aldrich) vapour under vacuum. To make the final PDMS mPAD device, 1:10 
PDMS pre-polymer was cast on the template, degassed under vacuum for 20 min, and 
cured at 110 °C for 20 h and gently peeled off the template on a 25 mm diameter #1 circular 
coverslip (Electron Microscopy Services). Peeling induced collapse of the mPADs was 
rectified by sonication in 100% ethanol, followed by supercritical drying in liquid CO2 
using a critical point dryer (Samdri-PVT-3D; Tousimis). Flat PDMS stamps were 
generated by casting 1:20 PDMS pre-polymer on flat and silanized silicon wafers. Stamps 
were coated in a saturating concentration of fibronectin (Thermo Fisher D307) (50 μg/ml 
in PBS) and AF647-fibrinogen (Thermo F35200, 20 µg/mL) for 1 hr. These stamps were 
washed in sterile distilled water and dried under a stream of nitrogen gas. Subsequently, 
fibronectin-coated stamps were placed in contact with surface-oxidized mPAD substrates 
(UVO-Model 342; Jelight). mPAD substrates were subsequently transferred to a solution 
of 0.2% Pluronics F127 (Sigma–Aldrich) for 30 min, to prevent nonspecific protein 
absorption. MEF cells were seeded in growth medium and then allowed to spread 




coverslip holder (Attoflour Cell Chamber; Invitrogen) for live cell microscopy and placed 
in a stage top incubator that regulated temperature, humidity and CO2 (Tokai Hit). Confocal 
images were taken with a Nikon C2-Confocal Module connected to a Nikon Eclipse Ti 
inverted microscope, using a high magnification objective (Plan Apo VC Water Immersion 
60X, N.A. 1.2; Nikon). Post images were captured using a 640-nm laser with a 685/50 
filter, vinculin images were captured using a 488 nm laser and 525/50 filter, FAK or YAP 
images were captured using a 561 nm laser and 595/50 filter, and pY397-FAK images were 
captured with a 405 nm laser and 450/40 filter. For force measurements, the top of the posts 
were labeled with AF647-fibrinogen and were sequentially imaged and the deflection 
measured using custom MATLAB code. The resulting force, F, was calculated using Euler-
Bernoulli beam theory, in which E, D, L, and δ are the Young’s modulus, post diameter, 
post height, and post deflection respectively: 





Immunofluorescence Staining  
For staining of FAs, cells cultured overnight were fixed in a mixture of 50% 
cytoskeleton-stabilizing buffer (0.5% Triton X-100, 10 mM PIPES buffer, 50 mM NaCl, 
150 mM sucrose, 3 mM MgCl2, 1 μg/mL leupeptin, 1 μg/mL aprotinin) and 50% PBS 
with 10% paraformaldehyde. Subsequently, samples were permeabilized with CSK 
buffer with 0.5% Triton-X100, incubated in 0.1M glycine solution to quench free 




antibodies against FA components overnight at 4°C in PBS with 33% goat serum and 
0.02% tween. On the following day, samples were incubated with secondary antibody in 
PBS with 33% goat serum and 0.02% Tween-20 at room temperature for 1 hour. 
Confocal images of FAs were taken with a Nikon C2 module connected to a Nikon 
Eclipse Ti inverted microscope with a high magnification objective (60X Plan Apo VC 
Water Immersion objective, NA 1.2, Nikon) Cell spreading and FA size and intensity 
were quantified using Nikon NIS-Elements Analysis Software and ImageJ. The following 
antibodies were used: pY397-FAK: Abcam ab39967, Rb polyclonal to pY397-FAK, 
1:300. Total FAK: Millipore 4.47, Mouse monoclonal to FAK, 1:200. YAP: Santa Cruz 
63.7, Mouse monoclonal to YAP, 1:200.  
 
Western Blotting  
 
Cells were washed with ice-cold PBS containing calcium and magnesium and lysed in cold 
radioimmunoprecipitation assay buffer [1% Triton X-100, 1% sodium deoxycholate, 0.1% 
SDS, 150 mM NaCl, 150 mM Tris-HCl (pH 7.2)] supplemented with Protease Inhibitor 
Cocktail (Thermo) and Phosphatase inhibitor cocktail (Thermo) for 20 min. Lysates were 
sonicated briefly and then clarified by centrifugation at 14,000 xg for 15 min. Protein 
concentration was then determined using a BCA protein assay kit (Pierce). Equal amounts 
of protein (10 μg) were boiled in Laemmli sample buffer [2% SDS, 10% glycerol, 100 mM 
DTT, 60 mM Tris·HCl (pH 6.8), and 0.001% bromophenol blue] for 5 min and separated 




membranes and blocked with LICOR Blocking Buffer for 1 hour at room temperature. 
Membranes were incubated with appropriate antibodies in LICOR Blocking Buffer 
supplemented with 0.1% tween overnight at 4°C. Membranes were washed in PBS-0.1% 
Tween (3 washes, 10 minutes each) and incubated in near-infrared conjugated-secondary 
antibodies (LICOR Biosciences) for 45 min followed by 30 min washing in PBS-0.1% 
Tween. Membranes were imaged with a LI-COR Odyssey Imager (LI-COR Biosciences). 
The following primary antibodies were used: Mouse Monoclonal anti-Talin (Sigma, clone 
8d4, 1:200), Rabbit Polyclonal anti-Talin-1 (ab71333, Abcam, 1:1000), and Mouse 
Monoclonal anti-Vinculin (Sigma V284, 1:8000).  
 
Statistical Analysis  
Regression analyses were performed using GraphPad Prism. ANOVA, Kruskal-
Wallis nonparametric-tests, and post hoc tests were performed in GraphPad Prism. A p-
value < 0.05 was considered significant. To assess force-FAK recruitment and force-
pY397-FAK coupling at FAs, only FAs at the edge of the cell were analyzed. We analyzed 
as many FAs on the edge as possible for each individual cell. For statistical analyses, FAs 
taken from different cells were pooled together and linear regression was performed to 






Force-FAK localization and force-FAK Y397 phosphorylation are linearly coupled at 
single FAs.  
We first analyzed how force, FAK localization, and FAK-Y397 phosphorylation 
were related at individual FAs. We used vinculin-null mouse embryonic fibroblasts 
(MEFs) expressing eGFP-WT-vinculin, which were previously described [3]. We chose 
to use MEFs because they generate robust FAs and forces and are a commonly used cell 
type for mechanotransduction studies [3, 104, 168]. Cells were cultured overnight on 
micropost-array-detectors (mPADs) coated with fibronectin (FN) that had an effective 
elastic moduli (E) of 14 kPa. This platform allows for measurement of cell traction 
forces, by tracking the deflections of the micropillars, as described previously [9, 47, 63]. 
One advantage of mPADs is their ability to mimic tissue stiffnesses found within 
biological tissues. We were able to tune mPAD stiffnesses between 3 and 17 kPa, which 
are comparable to multiple tissue types within the human body. For instance, neural and 
lung tissue are often around the 100-400 Pa range [149]. However, aortic and stromal 
tissue are around 3 kPa while smooth muscle tissue is at ~5 kPa and skeletal muscle 
tissue is at ~12 kPa [149]. Additionally, the use of mPADs as our experimental platform 
is advantageous, as it decouples changes in substrate stiffness from changes in the 
microscopic material properties that could affect ligand binding and cell responses [47, 
169]. With mPADs, FAs will assemble at individual pillars, which are mechanically 




[47]. This is a key advantage over using flat deformable substrates, where measured 
forces at an FA can be influenced by the forces generated by nearby FAs [48].   
After overnight incubation on the mPADs, the cells were fixed and stained for total 
FAK and pY397-FAK and visualized with confocal microscopy. To measure FAK 
localization at single FAs, we quantified the area and mean intensity of FAK at an 
individual FA. We then multiplied FAK FA area with FAK FA mean intensity to get the 
FAK integrated intensity at an individual FA. We used the same approach to compute 
pY397-FAK integrated intensity at individual FAs. We chose to use the integrated intensity 
metric (FA size x mean FA intensity), as it combines important FA parameters into one 
metric. Furthermore, this metric has been utilized in published reports analyzing force 
generation and FA protein recruitment [112]. 
At individual FAs, we found that force and FAK integrated intensity were linearly 
related on 14 kPa mPADs (Figure 11B, G). In addition, we found that force and pY397-
FAK integrated intensity were linearly related on 14 kPa mPADs (Figure 12A, E). These 
observations were further validated in multiple different individual cells on 14 kPa mPADs 
(Figure 13 A-B). On 14 kPa mPADs, the pY397-FAK/total FAK ratio was relatively 
constant between different values of applied force at FAs (Figure 13C). This finding 









Figure 11: Force and total FAK integrated intensity are linearly coupled at single FAs. (A) 
Heatmap of total FAK staining on mPADs of differing stiffness values. White arrows 
indicate force magnitudes and directions. Scale bar 5 µm. (B) Comparison of force at single 
FAs. P < 0.01 Kruskal-Wallis Test and * P < 0.01 vs control and PF-228. (C) Comparison 
of total FAK integrated intensity at single FAs between Y-27632 (10 µM, 90 min) and PF-
228 (10 µM, 90 min) treated cells vs control on 5 and 14 kPa mPADs. P < 0.02 Kruskal-
Wallis Test. * P < 0.03 vs corresponding control. (D) Comparison of force at single FAs. 
P < 0.01 Kruskal-Wallis Test and * P < 0.01 vs control and PF-228. (E) Comparison of 
total FAK integrated intensity at single FAs between Y-27632 (10 µM, 90 min) and PF-
228 (10 µM, 90 min) treated cells vs control on 5 and 14 kPa mPADs. P < 0.02 Kruskal-
Wallis Test. (F, G) Correlation between force and FAK integrated intensity at single FAs. 
Linear regression on 14 kPa: FAK Integrated Intensity = 195 x force + 1179, P < 0.0001. 
R2 = 0.48 (n = 60 FAs, taken from 9 cells). Y-27632 (n = 44 FAs, taken from 6 cells) or 
PF-228 (FAK inhibitor) (n = 27 FAs, taken from 5 cells) treatment eliminates linear 
relationship between FAK integrated intensity and force at single FAs (P = 0.89 and 0.21 




control (n = 49 FAs, 7 cells), Y-27632 (n = 35 FAs, 6 cells), and PF-228 (n = 44 FAs, 8 





Substrate stiffness, actomyosin contractility, and FAK catalytic activity regulate the 
linear coupling between force-FAK localization and force-FAK Y397 
phosphorylation at individual FAs. 
We next analyzed the effects of substrate stiffness, actomyosin contractility, and 
FAK catalytic activity on FAK localization to single FAs. The effective substrate stiffness 
of mPADs was modulated by changing micropost heights, where increasing the post height 
decreased the effective substrate stiffness. Importantly, the cross-sectional area of 
individual posts and the spacing between posts are consistent for mPADs with different 
stiffness values [9]. We first measured forces at single FAs and found that Y-27632 (ROCK 
inhibitor) treatment significantly reduces FA forces on 5 and 14 kPa, while PF-228 (FAK 
kinase inhibitor) did not significantly influence FA forces on 5 and 14 kPa mPADs (Figure 
11B, D). This observation is consistent with other reports utilizing deformable substrates 
and immunostaining, suggesting that FAK kinase activity is dispensable for force 
transmission at FAs [170]. Furthermore, we found that Y-27632 and PF-228 treatment 
significantly reduced levels of total FAK at FAs on both 5 and 14 kPa mPADs (Figure 11C, 
E), which is consistent with previously published data by Waterman and colleagues [116]. 
Importantly, whereas we observed a strong linear coupling between force and FAK 




for cells cultured on 5 kPa mPADs and after Y-27632 or PF-228 treatment on 14 kPa 
mPADs (Figure 11F, G).   
Similar to FAK localization to FAs, we found that Y-27632 or PF-228 treatment 
significantly reduced pY397-FAK levels at FAs (Figure 12 B,C), which is consistent with 
previous observations [116]. Remarkably, we also observed a strong linear relationship 
between pY397-FAK integrated intensity and force at single FAs on 14 kPa mPADs, but 
Y-27632 or PF-228 treatment or culture on 5 kPa substrates abrogated this relationship 
(Figure 12D, E). Taken together, our data demonstrate that force and FAK recruitment and 
force and Y397 phosphorylation at individual FAs are linearly coupled, and substrate 
stiffness, actomyosin contractility, and FAK catalytic activity are required for maintaining 
force-FAK linear coupling at FAs. Furthermore, our data show that contractility and FAK 
catalytic activity support FAK localization and Y397 phosphorylation at FAs. In addition, 
our results support a model where local applied forces promote FAK localization and 
subsequent Y397 phosphorylation at FAs on stiff substrates. As demonstrated with the 
FAK inhibitor, PF-228, FAK kinase activity is not required to promote force generation at 
FAs. Although FAK kinase activity can promote the recruitment of force-transducing 
proteins [115], such as vinculin, to FAs, there are other mechanisms, such as simultaneous 
binding to talin and actin, by which vinculin can be recruited to FAs [94, 151]. One 
limitation of our approach, however, is that PF-228 may have off-target inhibitory effects 
on other kinases within the cell, due to structural similarities of the ATP-binding domain 
between many other kinases [171]. In fact, studies have shown that the biological effects 




[171]. We therefore later examined force and FAK localization-Y397 phosphorylation 
coupling at FAs in MEFs expressing a kinase dead FAK variant (Figure 19). 
 
Figure 12: Force and pY397-FAK integrated intensity are linearly coupled at single FAs. 
(A) Heatmap of pY397-FAK staining on mPADs of differing stiffness values. White 
arrows indicate force magnitudes and directions. Scale bar 5 µm. (B) P < 0.01 Kruskal-
Wallis Test. * P < 0.01 vs control. (C) P < 0.01 Kruskal-Wallis Test. * P < 0.01 vs control. 
(D, E) Correlation between force and pY397-FAK integrated intensity at single FAs from 
multiple cells. Linear regression for 5 kPa: P = 0.11, 0.29, 0.89 for control (n = 49 FAs, 7 
cells), Y-27632 (n = 35 FAs, 6 cells), and PF-228 (n = 44 FAs, 8 cells) respectively. Linear 
regression on 14 kPa: pY397-FAK Integrated Intensity = 220 x force + 203, P < 0.0001. 
R2 = 0.48, n = 60 FAs, 9 cells. On 14 kPa substrate, Y-27632 (n = 44 FAs, taken from 6 




between pY397-FAK integrated intensity and force at single FAs (P = 0.80 and 0.23 
respectively).   
 
Figure 13: Correlation between pY397-FAK/total FAK ratio and force at single FAs. (A) 
Correlation between force and FAK integrated intensity at single FAs from multiple cells 
on 5 and 14 kPa mPADs. Linear regression on 14 kPa: FAK Integrated Intensity = 195 x 
force + 1179, P < 0.001, R2 = 0.60, n = 60 FAs. Linear regression on 5 kPa: P = 0.12 (n = 
49 FAs). (B) Correlation between force and pY397-FAK integrated intensity at single FAs 
from multiple cells on 5 and 14 kPa mPADs. Linear regression on 14 kPa: pY397-FAK 
Integrated Intensity = 220 x force + 203, P < 0.0001, R2 = 0.48, n = 60 FAs. Linear 
regression on 5 kPa: P = 0.11, n = 49 FAs. (C) Correlation between pY397-FAK integrated 
intensity and FAK integrated intensity ratio and force at single FAs. Linear regression on 







Talin is required for FAK localization and Y397 phosphorylation at FAs as well as 
force-FAK and force-Y397 phosphorylation coupling at individual FAs.   
 We next examined whether talin is required for FAK localization and Y397 
phosphorylation at individual FAs. Talin is a ~270 kDa FA protein that exists in two 
isoforms, talin-1 and talin-2 [172]. Furthermore, talin is hypothesized to play a critical role 
in FA assembly and force transmission [172]. Although talin-1 is expected to be the 
predominant isoform expressed in fibroblasts [173], it is well-documented that talin-1 
depletion can lead to talin-2 over-expression and compensation for the loss of talin-1 [173]. 
Furthermore, the relationship between talin and FAK remains complex. Lawson et al 
demonstrated that FAK is required for talin recruitment to nascent FA complexes but 
dispensable for talin localization to mature FAs [104]. Others have proposed models where 
talin is required for FAK Y397 phosphorylation at FAs. For instance, Roca-Cusachs and 
colleagues demonstrated that talin-1 and talin-2 depletion leads to significantly reduced 
pY397-FAK levels at FAs [134]. In the following studies, we sought to examine whether 
talin was required for FAK localization, Y397 phosphorylation, and force-FAK coupling 
at individual FAs.  
 We depleted talin-1 by treating WT MEFs with a talin-1 shRNA lentiviral construct 
(Figure 14). We also treated WT MEFs with a control scrambled shRNA lentiviral 
construct. After antibiotic selection of transduced cells, we measured talin-1 depletion 
through Western blotting. We found that talin-1 depletion was successful (87% reduction 




We also measured total talin levels with the pan-talin 8d4 antibody and found that total 
talin levels were reduced by 60% in the talin-1 shRNA-treated cells (Figure 14E). We 
measured cell spreading and total traction force generation (quantified by summing up all 
the individual forces from the pillars that the cell is attached to) in the control shRNA- and 
talin-1 shRNA-treated MEFs (Figure 14A-C). We found that talin-1 shRNA-treated MEFs 
had significant spreading and traction force generation defects compared to the control 
shRNA-treated MEFs (Figure 14A-D). These observations are consistent with previous 
reports describing the effects of talin depletion on cell behavior [134].  
 
Figure 14: Talin promotes cell spreading and traction force generation. (A, B) Cells treated 
with ctrl shRNA (A) and talin-1 shRNA (B) spread on mPADs (posts labeled white) 
showing force vectors (green) and spreading (blue outline). Scale bar 10 µm. (C) 
Comparison of total force generation between scrambled shRNA treated and talin-1 




0.01 (E) Western blots confirming talin-1 depletion compared to ctrl shRNA treated WT 
MEFs. Vinculin was used as a loading control. 
 
We noticed significant reductions in average levels of total FAK and pY397-FAK 
at FAs in talin 1-depleted fibroblasts (Figure 15). Importantly, whereas control shRNA-
treated MEFs exhibited linear coupling for force-FAK localization and force-FAK Y397 
phosphorylation at individual FAs, this relationship is eliminated in talin-1 shRNA-treated 
MEFs (Figure 15C, D). Taken together, our data demonstrate that talin-1 is essential for 
FAK localization and Y397 phosphorylation at FAs as well as force-FAK localization and 











Figure 15: Talin regulates FAK localization and Y397 phosphorylation and force-FAK 
linear coupling at individual FAs. (A, B) Depletion of talin-1 significantly reduces total 
FAK and pY397-FAK levels at FAs (* indicates P< 0.001). (C, D) Talin-1 depletion also 
eliminates coupling between force-FAK localization and force vs. pY397-FAK levels at 
single FAs. Linear regressions for ctrl shRNA: FAK integrated intensity = 1710 + 
96.1*force, P < 0.001, R2 = 0.35, n = 41 FAs, 6 cells. pY397-FAK integrated intensity = 
3060 + 268*force, P < 0.001, R2 = 0.35, n = 51 FAs, 7 cells. Linear regressions for talin-1 
shRNA: FAK integrated intensity vs force: P = 0.61, n = 42 FAs, 6 cells. pY397-FAK 
integrated intensity vs force: P = 0.08, n = 53 FAs, 7 cells. (E, F) Representative staining 










Vinculin is not necessary for FAK localization and Y397 phosphorylation at FAs, but 
a full-length vinculin molecule that binds talin and actin is required to maintain linear 
coupling for force-FAK localization and force-Y397 phosphorylation at FAs.  
Because our data indicates that actomyosin contractility-dependent forces are 
necessary for FAK localization and Y397 phosphorylation at FAs, we next examined the 
role of vinculin, an important force-transducing protein [3], in regulating FAK localization 
and Y397 phosphorylation at FAs. To investigate the contributions of vinculin domains to 
FAK localization and Y397 phosphorylation at FAs, we used cell lines expressing various 
eGFP-vinculin constructs that were derived from vinculin-null MEFs (Figure 16A) [3]. In 
addition to WT vinculin and vinculin-null MEFs, we examined several mutants, which 
were described previously [3]: (i) a vinculin mutant comprising only VH (1–851) and 
lacking most of the proline-rich strap and actin-binding tail [129], (ii) a full-length 
molecule (T12) with mutations along the head–tail interface that reduce head–tail binding 
affinity by 100-fold and render the molecule in an open conformation that can bind talin 
and actin [151], and (iii) a full-length variant (A50I) with a head domain mutation that 
significantly reduces it binding to talin [3, 102]. The A50I mutant has reduced association 
to FAs due to its talin-binding defect [102].  
MEFs expressing mutant and control vinculin were seeded onto 14 kPa mPADs 
and allowed to attach and spread overnight. On the next day, the cells were fixed and 
stained for total FAK and pY397-FAK and visualized with confocal microscopy. We first 
found that forces at FAs were similar between WT, T12, and A50I- vinculin expressing 




levels of spreading and total force generation compared to WT MEFs, we did not 
characterize spreading and traction force generation in A50I vinculin-expressing MEFs [3]. 
However, VH MEFs and vinculin-null MEFs had significant force generation defects 
compared to WT MEFs, which is consistent with our previously published data [3]. 
Interestingly, we found that vinculin is not required for FAK localization and Y397 
phosphorylation to occur at FAs (Figure 18). In Figure 16, we show that average levels of 
total FAK and pY397-FAK at individual FAs are equivalent between WT vinculin and 
vinculin-null MEFs. Furthermore, MEFs expressing VH and A50I constructs exhibited 
amounts of FAK and pY397-FAK staining at FAs that were comparable to levels in WT 
MEFs (Figures 16C, D, 18). However, T12 MEFs had significantly higher amounts of FAK 
localization and Y397 phosphorylation at FAs compared to WT MEFs (Figure 16C), which 
is consistent with previous reports showing that T12 vinculin promotes FA enlargement 
[102]. Taken together, these data demonstrate that averaged levels of FAK and pY397-
FAK at FAs are relatively insensitive to vinculin expression. Furthermore, this finding is 
consistent with previous findings by Reinhart-King and colleagues, where they used 
Western blotting to show that vinculin depletion does not significantly alter pY397-FAK 
levels in cells on 2D substrates [174].  
We subsequently measured whether vinculin influences the relationship between 
force and FAK localization and force and Y397 phosphorylation at individual FAs. We 
observed linear relationships for force and FAK localization and force and Y397 
phosphorylation at individual FAs in WT- and T12 vinculin-expressing MEFs (Figure 16). 




A50I or VH constructs (Figure 16E,F). These results demonstrate that a full-length vinculin 
molecule that binds talin and actin is required for linear coupling for force-FAK 
localization and force-Y397 phosphorylation at individual FAs. Although A50I vinculin is 
a full-length vinculin molecule, its binding defect with talin reduces its ability to localize 
to FAs, demonstrating that vinculin-talin interactions are required to maintain force-FAK 
coupling at FAs. Interestingly, we observed that both force-FAK localization and force-
FAK Y397 phosphorylation exhibit a linear relationship for T12 vinculin-expressing MEFs 
(Figure 16), although T12 and WT vinculin had similar slope values in force-FAK 
localization and force-FAK Y397 phosphorylation linear coupling.  
Lastly, we found that T12 and VH vinculin mutants exhibited greater average 
vinculin integrated intensity values at FAs compared to WT MEFs (Figure 17A), which is 
consistent with previously published data [106]. Also, we found that force and vinculin 
integrated intensity are linearly coupled at single FAs for WT and T12 vinculin-expressing 
MEFs (Figure 17B,C) although the slopes for these two linear regressions were not 
significantly different. However, in VH MEFs, force-vinculin coupling is eliminated, 
demonstrating that a full-length vinculin molecule that localizes to FA and binds actin is 
necessary for force-vinculin recruitment coupling at individual FAs (Figure 17D). We were 
unable to measure force-vinculin coupling in vinculin-null MEFs and MEFs expressing the 
A50I-vinculin construct, as A50I vinculin signal was very diffuse and challenging to 
measure at individual FAs and vinculin-null cells do not express vinculin. These data show 
that force-vinculin recruitment are linearly coupled at FAs, supporting a model where 






Figure 16: Vinculin mediates force transmission and force-FAK linear coupling at single 
FAs. Vinculin mediates force transmission and force-FAK coupling at single FAs. (A) 
Overview of vinculin mutants. (B) Forces at FAs for different vinculin mutants. # indicates 
P < 0.01 vs WT, T12, and A50I. (C) Comparison of pY397-FAK integrated intensity at 
single FAs between different vinculin mutants on 14 kPa mPADs (n > 42 FAs per 
condition, taken from 7-12 cells per condition). P < 0.01 Kruskal-Wallis Test. * indicates 
P < 0.01 vs WT, VH, A50I, and vinculin null MEFs. (D) Comparison of FAK integrated 
intensity at single FAs between different vinculin mutants on 14 kPa mPADs (n > 42 FAs 
per condition, taken from 7-12 cells per condition). P < 0.01 Kruskal-Wallis Test. * 
indicates P < 0.01 vs WT, VH, A50I, and vinculin null MEFs. ** indicates P < 0.01 vs WT 
and A50I vinculin MEFs. (E) Correlation between force and FAK integrated intensity at 
single FAs from multiple WT cells (n = 58 FAs, taken from n > 8 different cells). P < 0.001, 
R2 = 0.60. T12 vinculin linear regression: P < 0.01, R2 = 0.13. Vinculin null linear 
regression: P = 0.71. A50I linear regression: P = 0.08. VH linear regression: P = 0.23. (F) 
Linear regression for WT vinculin: pY397-FAK Integrated Intensity = 220 x force + 2027, 
P < 0.0001. R2 = 0.48. T12 vinculin linear regression: pY397-FAK Integrated Intensity = 







Figure 17: Force and vinculin integrated intensity are linearly coupled at individual FAs 
on 14 kPa mPADs. (A) Comparison of vinculin integrated intensity at FAs for different 
mutants. P < 0.01 one-way Kruskal-Wallis Test. # indicates P < 0.01 vs WT. (B) WT 
Vinculin Linear Regression: Vinculin Integrated Intensity = 417 + 180*force, P < 0.001, 
R2 = 0.56, n = 40 FAs, 5 cells. (C) T12 Vinculin Linear Regression: Vinculin Integrated 
Intensity = 1880 + 363*force, P < 0.001, R2 = 0.24, n = 49 FAs, 8 cells. (D) VH Linear 







Figure 18: Representative IF Staining of Vinculin Mutants on 14 kPa mPADs. Vinculin 
(green), total FAK (red) and pY397-FAK (white) staining. Scale bar 10 µm.  
 
Effects of talin-FAK Binding and FAK catalytic function on cell traction force 
generation 
Talin is also known to bind to FAK’s E1015 residue [104]. Lawson et al previously 
demonstrated that the E1015A mutation prevents FAK from binding talin [104]. Moreover, 
MEFs expressing E1015A-FAK have significantly reduced talin localization to nascent 
FAs, although talin can still localize to mature FAs [104]. However, it is unknown whether 
talin-FAK binding influences force generation and force-FAK linear coupling at FAs. We 
first analyzed whether talin-FAK binding and FAK catalytic function regulate cell traction 
force generation in MEFs expressing mutated FAK constructs. Although we previously 




lines derived from FAK-floxed mice from David Schlaepfer’s lab in the present study. We 
used FAK-null and p53-null MEFs that have been previously transduced with retroviral 
WT, E1015A, and K454R (kinase dead) GFP-FAK constructs [104, 158]. The p53 
deficiency in these cells is necessary, as FAK-null cells are not able to proliferate without 
p53 depletion [158, 176]. This experimental strategy has several advantages over routine 
approaches utilizing transient FAK expression or clonal cell lines: (i) the experiments are 
based on the same cell population, eliminating batch-to-batch variability in transfection 
and expression levels, (ii) expression of target FAKs in cells lacking endogenous FAK 
expression avoids confounding effects of endogenous FAK, and (iii) the retroviral system 
has high transduction efficiencies, resulting in a polyclonal population of engineered cells 
and avoiding issues associated with clonal lines.  
For cells expressing WT, E1015A, and K454R (kinase dead) FAK constructs, we 
measured their spreading and traction forces from the corresponding micropost deflections 
on 14 kPa mPADs (Figure 19). The magnitude of traction forces varied significantly across 
a single cell, where the highest forces were usually located at the periphery (Figure 19A). 
Figure 19 represents plots for the total traction force per cell, which represents the sum of 
the magnitudes of force vectors in each cell and is often used for reporting traction forces 
[169]. FAK-null cells have a significant spreading defect but still generate considerable 
traction forces (~650 nN), indicating that FAK is dispensable for traction force generation. 
WT FAK expression increased cell spread area by 64% and total traction force by 80%, 
indicating that FAK expression promotes cell spreading and traction force generation 




traction force generation and ~26% reduction in spreading compared to WT FAK cells, 
suggesting that FAK-talin interactions contribute to cell traction force generation and 
spreading (Figure 19C-D). Lastly, we found that WT- and K454R FAK-expressing cells 
have equivalent levels of traction forces, but K454R FAK expressing cells exhibit a 28% 
reduction in spread area (Figure 19C-D). This finding is consistent with previous reports 
analyzing how FAK inhibitors influence cell traction force generation [170]. Taken 
together, we demonstrate that FAK-talin binding at FAK’s E1015 residue promotes higher 
levels of force generation and spreading, whereas FAK catalytic function has minimal 
effects on force generation but promotes cell spreading.  
 
Figure 19: Traction force and spreading measurements for FAK mutants analyzed. (A) 
Cells spread on mPADs (posts labeled white) showing force vectors (green) and spreading 
(blue outline). Scale bar 20 µm. (B) Overview of FAK mutants. (C, D) Scatter plots for 
total traction force and spread area. Total force and spread area for FAK cell lines were 
measured on micropillar array detectors (mPADs). * indicates P < 0.05 compared to WT. 




condition. P < 0.001 Kruskal-Wallis for Total Force and P < 0.001 one-way ANOVA for 
cell spread area. *** P < 0.01 vs WT.  
 
Talin-FAK binding and FAK catalytic function are required for force-FAK linear 
coupling at individual FAs. 
 Because talin-FAK binding promotes traction force generation (Figure 19), we 
hypothesized that it may also influence linear coupling for force-FAK localization and 
force-FAK Y397 phosphorylation at individual FAs. We seeded MEFs expressing WT-
GFP-FAK, E1015A-GFP-FAK, and K454R-GFP-FAK constructs onto 14 kPa FN-coated 
mPADs and allowed them to attach and spread overnight. On the next day, we fixed the 
cells and stained for total FAK and pY397-FAK and visualized FAK and pY397-FAK 
staining using confocal microscopy. For cells expressing WT GFP-FAK, we found that 
force and FAK localization and force and Y397 phosphorylation were linearly coupled at 
individual FAs (Figure 20B). However, this linear relationship was eliminated in the 
E1015A FAK MEFs (Figure 20C). Furthermore, while force and FAK localization were 
linearly coupled at FAs for the K454R-FAK MEFs, there was very little pY397-FAK found 
at the FAs (Figure 20D).  
In summary, we found that talin-FAK binding at FAK’s E1015 residue are 
dispensable for maintaining FAK localization and Y397 phosphorylation at FAs, but 
required for force-FAK coupling at individual FAs (Figure 20). Our data also show that 
FAK catalytic function is required for pY397-FAK at FAs but not FAK localization to FAs 




kinase function. This observation supports a model where force promotes FAK localization 
to the FA and then FAK kinase activity is required for Y397 phosphorylation once FAK 
localizes to the FA. However, this finding is contrary to our data with the PF-228 FAK 
kinase inhibitor (Figure 11), which showed that PF-228 eliminates force-FAK localization 
coupling at FAs. However, PF-228 treatment can lead to multiple off-target effects [171], 
such as inhibition of CDK1, CDK7, Fyn, and MKK [177], which makes data interpretation 
from more challenging. In particular, Fyn is known to interact with FAK, so off-target Fyn 
inhibition can lead to confounding effects on FAK localization to FAs [178]. Consequently, 
we submit that the data generated from the kinase dead FAK mutant is more reliable than 
the data generated with PF-228.  
 
 
Figure 20: Effects of talin-FAK binding and kinase domain function on force-FAK 
coupling at single FAs. (A) Overview of FAK mutants analyzed. (B) Linear regression for 
MEFs expressing WT GFP-FAK variant: Linear regression for WT GFP-FAK: Total FAK 
Integrated Intensity = 110 x force + 1780, P < 0.0001. R2 = 0.34, n = 68 FAs, 10 cells. 




10 cells. (C) E1015A GFP-FAK pY397-FAK vs force linear regression: P = 0.09, n = 68 
FAs, 7 cells. E1015A GFP-FAK linear regression: P = 0.06, n = 64 FAs, 7 cells. (D) K454R 
GFP-FAK pY397-FAK vs force linear regression: P = 0.08, n = 47 FAs, 6 cells. K454R 
GFP-FAK linear regression: Total FAK integrated intensity = 148 x force + 1491, P < 
0.0001, R2 = 0.48, n = 68 FAs, 7 cells.  
 
Vinculin and FAK Kinase Activity Enhance YAP Nuclear Accumulation 
 So far, we have demonstrated that a full-length vinculin that binds talin and actin is 
necessary for force-FAK localization and force-Y397 phosphorylation linear coupling at 
individual FAs. Furthermore, talin is necessary for FAK localization and Y397 
phosphorylation at FAs as well as force-FAK linear coupling. Meng et al previously 
showed that FAK kinase activity is necessary for YAP nuclear accumulation [163]. Since 
we found that vinculin and talin were necessary for force-FAK linear coupling at FAs, we 
next examined whether vinculin and talin were necessary for YAP nuclear accumulation. 
YAP is a transcriptional factor that can localize into the nucleus or cytosol [161, 162]. YAP 
is sensitive to changes in ECM stiffness, where higher stiffness promotes increased YAP 
nuclear accumulation [164]. Consequently, it is hypothesized that ECM stiffness signals 
are transduced from FAs into changes in YAP nuclear accumulation, which ultimately 
regulates downstream processes, such as cell proliferation and differentiation [123]. We 
first tested whether FAK kinase activity and actomyosin contractility influenced YAP 
nuclear accumulation in WT MEFs on 14 kPa mPADs. FAK kinase inhibition with PF-228 
or myosin II inhibition with blebbistatin significantly reduced YAP nuclear accumulation 
compared to control cells (Figure 21), consistent with previous reports [163, 165].  
Because vinculin is important for actomyosin-mediated force generation [3] and 




nuclear accumulation. We seeded vinculin-null MEFs expressing WT, T12, A50I, and VH 
constructs onto 14 kPa mPADs overnight (Figure 22). On the next day, cells were fixed 
and stained for YAP, and YAP was visualized via confocal microscopy. To quantify YAP 
nuclear localization, we separated individual cells with YAP staining into three categories, 
which has been described previously [163]: N < C, less YAP in nucleus than in cytoplasm; 
N = C, similar levels of YAP in cytoplasm and nucleus; N > C, more YAP in nucleus than 
in cytoplasm. We used the Chi-squared test to compare YAP localization distributions 
among vinculin lines. We found that vinculin is required for YAP nuclear accumulation, 
as we observed a significant deficiency in nuclear YAP in MEFs expressing the VH vinculin 
construct and vinculin-null MEFs (Figure 22).  
 
Figure 21: Effects of blebbistatin and PF-228 on YAP nuclear accumulation. (A) 
Representative YAP staining for MEFs. Scale bar 10 µm. (B) Quantification of YAP 
localization in MEF cells. N < C, less YAP in nucleus than in cytoplasm; N = C, similar 




Chi-Squared Test: P < 0.001 Ctrl vs Blebbistatin and Ctrl vs. PF-228. N = 25-33 cells per 
condition. (C) Nuclear size comparison between different groups. P < 0.001 Kruskal-
Wallis Test. * indicates P < 0.001 vs control and PF-228. (D) Nuclear aspect ratio between 
different groups. P < 0.01 Kruskal-Wallis Test. ** indicates P < 0.01 vs control.  
We also measured YAP nuclear localization in A50I vinculin-expressing MEFs. 
Although A50I MEFs had higher levels of nuclear YAP than vinculin-null MEFs, A50I 
vinculin-expressing MEFs still had significantly less nuclear YAP than WT vinculin-
expressing MEFs (Figure 22B). We also examined whether vinculin auto-inhibition 
influenced YAP nuclear accumulation. In the T12 vinculin -expressing MEFs, we observed 
similar levels of nuclear YAP compared to WT MEFs (Figure 22B), suggesting that further 
increases in vinculin activity and vinculin-dependent force generation do not necessarily 
lead to further increases in nuclear YAP. Taken together, our data support a model where 
a full-length vinculin molecule that binds talin and actin is necessary to promote YAP 
nuclear accumulation. Lastly, consistent with previous reports [134], we found that talin-1 
depletion led to significantly reduced YAP nuclear localization compared to MEFs treated 
with control shRNA lentiviral particles (Figure 22C-D), showing that talin-1 is essential 






Figure 22: Vinculin and talin regulate YAP nuclear accumulation. (A) Representative YAP 
staining for MEFs expressing various vinculins and vinculin null MEFs. Scale bar 10 µm. 
(B) Quantification of YAP localization in MEF cells. N < C, less YAP in nucleus than in 
cytoplasm; N = C, similar levels of YAP in cytoplasm and nucleus; N > C, more YAP in 
nucleus than in cytoplasm. Chi-Squared Test: P < 0.01 for WT vs null, VH, and A50I. P < 
0.01 for A50I vs null. (C) Representative YAP staining for MEFs treated with control 
scrambled shRNA and talin-1 shRNA lentiviral constructs. (D) Quantification of YAP 
localization (same categories as panel B) Chi-Squared Test: P < 0.001 vs ctrl shRNA vs 
talin-1 shRNA. N = 25-34 cells.  
 
 Recent work by Roca-Cusachs and colleagues suggests that forces transmitted from 
integrin-ECM linkages can lead to nuclear elongation, nuclear pore deformation, and 
subsequent YAP entry into the nucleus via nuclear-cytoskeletal mechanical coupling [166]. 
We first measured nuclear size and elongation for WT MEFs treated with blebbistatin and 
PF-228 (Figure 21), as both inhibitors led to significant decreases in nuclear YAP (Figure 
21). Blebbistatin treatment significantly reduced nuclear size, elongation, and YAP nuclear 




treatment significantly reduced nuclear elongation  and YAP nuclear localization but had 
no significant effects on nuclear size (Figure 20). This observation suggests that FAK 
kinase activity could promote increased nuclear YAP by increasing nuclear elongation. 
However, FAK kinase activity is not required for promoting force generation (Figures 12 
and 18), which was an important aspect of Roca-Cusach’s model, where force generation 
and nuclear-cytoskeletal mechanical coupling lead to nuclear elongation and pore 
deformation. Additional studies measuring nuclear transport dynamics and nuclear-
cytoskeletal coupling in the presence or absence of FAK inhibitors are needed to assess 
whether FAK kinase activity alters nuclear morphology to regulate YAP nuclear 
accumulation. Lastly, recent studies have elegantly shown how FAK kinase activity leads 
to decreases in RAP2 activity to promote increased nuclear YAP and provide a compelling 
explanation for FAK kinase activity’s effects on YAP nuclear accumulation [163].  
To assess whether vinculin affects nuclear morphology, we measured nuclear size 
and aspect ratio in MEFs expressing the WT, A50I, T12, and VH constructs and vinculin-
null MEFs. We found that there were no significant differences in nuclear aspect ratio 
between the different vinculin mutants analyzed (Figure 23). Although vinculin is a critical 
mediator of force transmission (Figure 16), the nuclei for each of the vinculin mutants 
exhibited similar values of aspect ratio, which is an important component of Roca-Cusach’s 
model [166]. Furthermore, we were unable to correlate changes in nuclear size towards 
changes in nuclear YAP levels (Figure 23). In particular, VH MEFs have the largest nuclei 




(Figure 22). Taken together, our data suggest that vinculin mediates YAP nuclear 
accumulation independently of changes in nuclear size or elongation.  
 
 
Figure 23: Nuclear Morphology of Vinculin Mutants. (A) Representative DAPI staining 
for vinculin mutants. Scale bar 10 µm. (B) Nuclear size of vinculin mutants. P < 0.01 
Kruskal-Wallis Test. * indicates P < 0.01 vs WT, T12, and A50I. ** indicates P < 0.01 vs 
WT, A50I, and null. (C) Nuclear aspect ratios of vinculin mutants. P = 0.22 one-way 
ANOVA.  
 
Recently, Meng et al proposed a model where increased ECM stiffness leads to 
decreased RAP2 activity, which in turn enhances YAP nuclear accumulation [163]. On 40 
kPa hydrogels, RAP2 activity was significantly reduced compared to 1 kPa hydrogels, 




[163]. Their model suggests that RAP2 is a critical mediator in transducing ECM stiffness 
signals towards changes in YAP nuclear localization. Specifically, they proposed the 
following sequence of biochemical events from focal adhesions to changes in Lats activity, 
which mediate YAP nuclear accumulation:  
Increased substrate stiffness → increased FA assembly→ increased PLCγ1 
activity→ decreased PtdIns(4,5)P2 levels → decreased phosphatidic acid (PA) → 
decreased PDZGEF → decreased active RAP2 → decreased LATS → increased nuclear 
YAP.  
Hanks and colleagues previously showed that FAK Y397 phosphorylation 
upregulates PLCγ1 activity [179]. Furthermore, RAP2 activity is hypothesized to 
function downstream of FAK and PLC to regulate YAP nuclear localization [163]. From 
this model, we hypothesize that a full-length vinculin molecule that binds talin and actin 
increases PLCγ1 activity to decrease RAP2 activity, which in turn enhances YAP nuclear 
accumulation.  
To test this model, we began by inhibiting RAP2 activity in WT, A50I vinculin 
MEFs and vinculin-null MEFs. Although there are no commercial RAP2 inhibitors 
available, Meng et al demonstrated that BML-279, which is a phospholipase-D1/D2 (PL-
D1/2) inhibitor, inhibits RAP2 activity to promote YAP nuclear accumulation on soft 1 
kPa substrates [163]. Subsequently, we characterized whether BML-279 influences nuclear 
YAP levels in MEFs expressing WT and A50I vinculin and vinculin-null MEFs. We 
observed that on 14 kPa mPADs, BML-279 treatment (10 µM, overnight) had minimal 




279 significantly increased nuclear YAP levels in vinculin-null and A50I MEFs on 14 kPa 
mPADs (Figure 24), demonstrating that PL-D1/2 and RAP2 activity may significantly 
influence YAP nuclear localization. These data suggest that vinculin regulates PL-D1/2 
and RAP2 activity to influence YAP nuclear accumulation. However, more experimental 
analyses, such as measurement of PLCγ1 and RAP2 activity within different vinculin 
mutants, must be performed to confirm whether this is indeed the case.  
 
 
Figure 24: Effects of BML-279 on YAP nuclear accumulation for cells on 14 kPa mPADs. 
(A) Representative YAP staining for MEFs treated with either BML-279 (10 µM 
overnight) or vehicle (DMSO) overnight. Scale bar 20 µm. (B) Quantification of YAP 
localization in MEF cells. N < C, less YAP in nucleus than in cytoplasm; N = C, similar 
levels of YAP in cytoplasm and nucleus; N > C, more YAP in nucleus than in cytoplasm. 
Chi-Squared Test: P < 0.001 ctrl vs BML-279 for A50I vinculin and vinculin-null MEFs. 






How force regulates FA signaling, such as FAK Y397 phosphorylation and YAP 
nuclear localization, is poorly understood at the individual FA level. We first examined the 
relationship between traction force and FAK localization and force and Y397-FAK 
phosphorylation at individual FAs in the context of substrate stiffness, actomyosin 
contractility, and FAK kinase function. On 14 kPa mPADs, we observed a linear coupling 
for both force and FAK localization and force and Y397-FAK phosphorylation at 
individual FAs. In addition, our data demonstrate that FAK recruitment and Y397 
phosphorylation are coupled, as the pY397-FAK/total FAK ratio was relatively constant 
under different values of applied force at individual FAs on 14 kPa mPADs. On 5 kPa 
mPADs, FAK localization and Y397 phosphorylation at FAs can still occur, although 
force-FAK linear coupling is eliminated. We also found that FAK kinase inhibition with 
PF-228 or contractility inhibition with Y-27632 reduces FAK localization and Y397 
phosphorylation and eliminates force-FAK coupling at FAs on 14 kPa mPADs. However, 
as described previously, PF-228 can have off-target inhibition effects, which makes data 
interpretation more challenging [171]. Consequently, this motivated us to use MEFs 
expressing a kinase dead FAK variant in later studies, where we found that FAK’s kinase 
activity is not required for force-FAK localization coupling at FAs. Taken together, these 
data support a model where on stiff substrates, actomyosin contractility-dependent forces 
applied at FAs promote FAK localization, and Y397 is then phosphorylated upon FAK 




force balance via contractility inhibition or talin-1 depletion reduces FAK localization and 
Y397 phosphorylation at FAs.  
During these studies, the use of mPADs as our experimental platform is 
advantageous, as it decouples changes in substrate stiffness from changes in the 
microscopic material properties that could affect ligand binding and cell responses [47, 
169]. In addition, the force measured at each post is independent of nearby FAs [47]. 
Furthermore, our approach has the advantage of assessing local forces at individual FA 
sites, whereas previous analyses have focused on averaged or population-level 
measurements (e.g. Western blotting, IF staining) of FAK Y397 phosphorylation [115, 
180]. These routine analyses may not capture important relationships at the cell-material 
interface due to the heterogeneity of individual FAs in terms of force and composition. In 
particular, by analyzing force and FAK levels at single FAs, we were able to demonstrate 
that force and FAK localization-Y397 phosphorylation are coupled at individual FAs. 
However, direct force application to FAs and measurement of FAK localization and Y397 
phosphorylation are still needed to fully validate this model. FAK’s binding partners, such 
as talin, paxillin, and Src, could also provide indirect mechanisms for its force-regulated 
recruitment and Y397 phosphorylation. Lastly, force-dependent FAK recruitment and 
Y397 phosphorylation at individual FAs represents another mechanism that complements 
mechanosensitive pathways at FAs, such as integrin–FN binding [42] and talin stretching 
to expose cryptic binding sites for other FA proteins, such as vinculin, to promote force 




We next examined whether vinculin influences force-FAK localization and force-
FAK Y397 phosphorylation linear coupling at FAs. Although vinculin is not required for 
FAK localization and Y397 phosphorylation to occur at FAs, a full-length vinculin 
molecule that binds to talin and actin is required to couple force-FAK localization and 
force-FAK Y397 phosphorylation at FAs.  Consequently, we hypothesize that vinculin is 
responsible for regulating signaling events at FAs and “fine-tuning” cell FA assembly by 
modulating force-FAK linear coupling at individual FAs. We also observed that WT 
vinculin MEFs have comparable levels of FAK localization and Y397 phosphorylation at 
FAs to vinculin-null MEFs. Previously, we demonstrated that vinculin-null MEFs still 
generated significant amount of traction forces, although WT vinculin expression was 
necessary to enhance force transmission [3]. Consequently, the forces transmitted by 
integrin-talin-actin linkages in vinculin-null cells may still be sufficient to allow for FAK 
localization and Y397 phosphorylation to occur at FAs. However, a full-length vinculin 
molecule that binds talin and actin is necessary to linearly couple force-FAK localization 
and force-FAK Y397 phosphorylation at individual FAs. Furthermore, our finding that a 
full-length vinculin that binds talin and actin enhances force-FAK coupling at FAs, but VH 
and A50I vinculin completely disrupts this coupling indicates that vinculin is a key 
regulator of mechanotransduction and demonstrates a unique and previously unknown 
function for vinculin in cell mechanosensing.  
Similar to vinculin, talin is important for regulating FA growth and force 
transmission [134]. However, talin’s effects on FA signaling remain unclear. We 




mediates force-FAK linear coupling at individual FAs via talin-FAK binding. We also 
demonstrated with a kinase dead FAK mutant that FAK’s kinase function is not required 
for force-FAK localization linear coupling at FAs, although FAK’s kinase function is 
essential for Y397 phosphorylation. Lastly, FAK kinase activity, actomyosin contractility, 
talin, and vinculin are critical for enhancing YAP nuclear accumulation, where a full-length 
vinculin molecule that binds talin and actin is necessary to promote YAP nuclear 
accumulation.  
From these data, we propose a sequential model where talin- and actomyosin 
contractility-dependent forces promote FAK localization to FAs, where FAK Y397 
phosphorylation then occurs. Talin mediates force-FAK linear coupling at individual FAs 
via talin-FAK binding at FAK’s E1015 residue. Talin, vinculin, actomyosin contractility, 
and pY397-FAK promote YAP nuclear accumulation. As FA growth occurs, a FAK-talin-
vinculin complex is necessary to linearly couple force generation and continued FAK 
recruitment and Y397 phosphorylation at individual FAs, whereas an integrin-talin-
vinculin complex, FAK kinase activity, and contractility are required to enhance YAP 
nuclear accumulation. From this model, we stipulate that talin-FAK interactions are 
responsible for “tuning” cell FA assembly, by coupling force-FAK localization and force-
FAK Y397 phosphorylation at FAs. This idea is further supported by data showing that 
MEFs expressing the GFP-E1015A-FAK construct have reduced migration speed, 
impaired proteolytic cleavage of talin to drive cell migration, and increased paxillin 
residence time at FAs compared to MEFs expressing GFP-WT-FAK [104]. Interestingly, 




1 in human umbilical vein endothelial cells (talin-1 is presumed to be the only isoform 
expressed in these cells) and demonstrated that talin-1 is not necessary for FAK recruitment 
to FA sites [104]. However, these measurements were performed on cells seeded at early 
timepoints (15 minutes) on nascent FAs, whereas our analyses involve an overnight (16 
hour+) timepoint, where the cells are at a quasi-equilibrium state. Consequently, this time-




















Conceptual Model:  
 
Figure 25: Conceptual Model. Talin and contractility dependent forces promote initial FAK 
localization to FAs, where Y397 phosphorylation then occurs. Talin, vinculin, contractility, 
and pY397-FAK promote YAP nuclear accumulation. As FA growth occurs, a FAK-talin-
vinculin complex is necessary to couple force generation and continued FAK recruitment 
and Y397 phosphorylation at individual FAs, whereas an integrin-talin-vinculin complex, 
FAK kinase activity, and contractility are essential for YAP nuclear accumulation. Lastly, 
talin mediates force-FAK coupling at individual FAs via talin-FAK binding. Although 
vinculin is not required for FAK localization and Y397 phosphorylation at FAs, a full-
length vinculin that binds talin and actin is required to linearly couple force-FAK 
localization and force-FAK Y397 phosphorylation at FAs and promote YAP nuclear 
accumulation.  
 
Lastly, vinculin-null MEFs exhibit large amounts of FAK localization and Y397 
phosphorylation at FAs but significant YAP nuclear localization defects, suggesting that 
FAK requires vinculin to enhance YAP nuclear accumulation. Furthermore, we showed 
that vinculin modulates YAP nuclear accumulation via mechanisms that are independent 
of changes in nuclear size and elongation (Figure 20). Recently, Meng et al proposed a 




nuclear accumulation [163]. Since increases in substrate stiffness promote vinculin 
recruitment to FAs [137], we hypothesize that vinculin recruitment to FAs may decrease 
RAP2 activity to enhance YAP nuclear accumulation. We have preliminary data with the 
BML-279 small-molecule inhibitor that suggest vinculin may regulate PL-D1/2 and RAP2 
activity to control YAP nuclear accumulation. However, additional studies, such as 
measurement of PLCγ1 and RAP2 activity within different vinculin mutants, are necessary 
to confirm this hypothesis.  
The improved understanding of vinculin’s contributions to FAK localization, 
Y397 phosphorylation, and YAP nuclear accumulation provided by this work has several 
implications. First, talin, but not vinculin, is essential for promoting FAK localization and 
Y397 phosphorylation at FAs. Second, vinculin regulates force-FAK localization and 
force-FAK Y397 phosphorylation coupling via vinculin-talin binding, and a FAK-talin-
vinculin complex is required to linearly couple force-FAK localization and force-FAK 
Y397 phosphorylation at individual FAs. As such, vinculin likely provides “fine tuning” 
control required for coordinated processes like cell spreading and FA assembly. Third, 
talin and vinculin mediate YAP nuclear accumulation, where a full-length vinculin 
molecule that binds talin via VH and actin via VT is required for YAP nuclear 
accumulation. Finally, force-based regulation of FAK localization and Y397 
phosphorylation at FAs provides a mechanism to generate local mechanosensitive 
responses at FAs, such as force-dependent FA growth [141] and coordinated FA 
assembly at the cell’s leading edge and disassembly at the trailing edge. Collectively, this 




interact with actomyosin contractility to promote YAP nuclear accumulation and force 
coupling with FAK localization and Y397 phosphorylation at individual FAs. Lastly, this 
research will provide a new framework to understand cell-ECM events, such as FA 
assembly during cell migration, force-regulated morphogenesis, and stem cell lineage 
commitment in response to ECM matrix, as well as fundamental principles to design 






CHAPTER 5. FUTURE CONSIDERATIONS.  
Overall, this thesis sheds new light on the relationship between force and FA 
dynamics and signaling. The relationship between force and FA activity remains complex 
and is regulated by a myriad of factors, such as substrate stiffness, actomyosin contractility, 
and FA protein binding partners [181]. In aim 1, we demonstrated that vinculin residence 
and force are linearly related on stiff substrates, although this relationship is eliminated on 
soft substrates. Furthermore, we showed that paxillin localization and residence time and 
FAs is independent of force at single FAs. Lastly, we demonstrated how vinculin and 
paxillin residence times were relatively insensitive to substrate stiffness and contractility. 
Interestingly, substrate stiffness and contractility mediated the relationship between 
vinculin and paxillin residence times at single FAs, where vinculin and paxillin residence 
times are linearly related on soft substrates or after contractility inhibition, but this linear 
relationship is eliminated on stiff substrates. Overall, these analyses yield valuable insights 
on how local forces at FAs and macroscopic force regulators (e.g. substrate stiffness, 
contractility) can influence FA residence time, which is important in determining 
processes, such as cell migration and spreading [133]. In aim 1, it would be valuable to 
consider other FA proteins, such as talin or zyxin, and whether their residence times are 
related to force at individual FAs. Although others have examined how these proteins 
influence force transmission [134, 182], it is unclear whether forces influence their 
residence time at FAs. Furthermore, there is significant attention towards understanding 




dynamics within 3D in future work. However, these studies are complicated by the 
challenge of visualizing FAs and quantifying forces in 3D matrices. However, as 3D 
imaging and traction force microscopy approaches improve, these valuable studies will 
become more feasible with time.  
In aim 2, we demonstrated that a full-length vinculin that binds talin and actin is 
required for YAP nuclear accumulation and force-FAK localization and force-FAK Y397 
phosphorylation linear coupling while talin is essential for FAK localization and Y397 
phosphorylation at FAs. Furthermore, our model suggests that a FAK-talin-vinculin 
complex is required to couple force-FAK at single FAs, while an integrin-talin-vinculin 
complex is required to promote YAP nuclear accumulation. Although we’ve analyzed how 
FA proteins, such as vinculin and FAK, are related to force, there are many other proteins 
that localize to FAs. Indeed, reports estimate that there are hundreds of different proteins 
that are recruited to FA complexes [2]. There are other important force-transducing 
proteins at FAs, such as zyxin [182], that remain poorly understood. Furthermore, there are 
multiple signaling proteins at FAs, such as Src, p130Cas, and Lyn, whose relationship to 
force remain poorly characterized. Waterman and colleagues have performed mass-
spectroscopy analyses of FA complexes in the presence and absence of contractility 
modulators, such as blebbistatin [183]. These analyses have yielded valuable insights on 
how actomyosin contractility regulate FA composition and which FA components are 
myosin II responsive [183]. However, these population-level or “averaged” measurements 
fail to capture local effects of applied force at the individual FA level. Consequently, the 




composition changes at the individual FA level remain an important question within the 
mechanobiology field.  
 Although 2D environments are relevant for certain cell types (e.g. epithelial cells, 
endothelial cells), many cells in the human body are encapsulated within a 3-dimensional 
(3D) ECM. Consequently, there is significant interest in performing FA dynamics studies 
in 3D instead of 2D. Furthermore, there is growing evidence that cells have significantly 
different adhesive and migration activity in 3D [74]. For instance, cells in 3D are 
hypothesized to migrate through protrusive extensions and protease activity to degrade 
ECM proteins [74]. Furthermore, FAs are often significantly harder to image and tend to 
appear more diffuse in 3D [74]. Interestingly, vinculin has been shown to differentially 
regulate FAK activity within 2D and 3D [174]. Reinhart-King and colleagues demonstrated 
that vinculin depletion doesn’t affect FAK Y397 phosphorylation in 2D substrates but 
significantly reduces FAK Y397 phosphorylation levels in 3D [174]. Due to imaging 
challenges, however, and the low-throughput nature of 3D traction force measurements, 
many groups have not been able to assess whether force and signaling are coupled at single 
FAs in 3D culture. However, as imaging technologies improve and 3D traction force 
measurements become more feasible, there is immense promise for obtaining an improved 
understanding of cell mechanobiology within 3D contexts. Furthermore, there is a growing 
interest in mechanomedicine, where researchers seek to analyze how forces play a role in 
cell disease states [184]. Consequently, understanding how the mechanics of the 3D 




mechanobiology research and efforts to translate mechanobiology discoveries into the 
clinic. 
In aim 2, we found that vinculin is required for YAP nuclear accumulation, where 
a full-length vinculin molecule that binds talin and actin is necessary to maintain YAP 
nuclear accumulation. Similarly, FAK kinase activity and actomyosin contractility are 
required to maintain YAP nuclear accumulation. Although we’ve demonstrated that 
vinculin is required for YAP nuclear accumulation, it remains unclear how YAP is 
localized into the nucleus. Interestingly, vinculin-null cells display large amounts of FAK 
localization and Y397 phosphorylation at FAs, suggesting that FAK kinase activity by 
itself is not sufficient to maintain YAP nuclear accumulation but instead requires a full-
length vinculin that binds talin and actin to promote YAP nuclear accumulation. We also 
tested elements of a biophysical model proposed by Roca-Cusachs and colleagues, where 
forces transmitted at FAs lead to nuclear deformation and elongation to allow 
transcriptional factors to enter the nucleus [166]. However, we failed to observe any 
significant differences in nuclear elongation between the different vinculin mutants (WT, 
T12, null, A50I, VH) on the mPADs. Furthermore, the differences in nuclear size did not 
correlate with differences in YAP nuclear accumulation, suggesting that vinculin controls 
YAP nuclear localization via mechanisms that are independent of nuclear morphology 
modulation. Other groups have proposed biochemical models, where intracellular 
signaling decisions regulate YAP nuclear localization [163]. With this model, perhaps the 
loss of a full-length vinculin molecule leads to aberrant signaling dynamics, which in turn 




nuclear accumulation remain poorly understood. Although it’s accepted that the Hippo 
pathway and Lats 1/2 are important mediators of YAP nuclear localization, it remains 
unclear how adhesive signals are transduced into eventual changes in YAP nuclear 
accumulation. Recently, Meng et al proposed an intriguing model, where changes in ECM 
stiffness are transduced into changes in RAP2 activity, which consequently regulates 
Lats1/2 activity and YAP nuclear accumulation. In particular, the authors demonstrated 
that high matrix stiffness leads to reduced RAP2 activity and increased YAP nuclear 
accumulation. In contrast, cells cultured on softer substrates displayed significantly higher 
RAP2 activity and reduced YAP nuclear accumulation. Consequently, these data motivate 
us to analyze whether vinculin regulates RAP2 activity. In particular, it is well-established 
that stiffness is an important of vinculin recruitment to FAs. Therefore, it is possible that 
changes in stiffness control vinculin localization to FAs, which in turn regulates RAP2 
activity and YAP nuclear localization. Although we intend to explore this question in our 
future studies by measuring RAP2 activity in MEFs expressing various vinculin constructs 
(e.g. WT, A50I, vinculin-null), these studies remain challenging to pursue. The 
biochemical pathways that drive YAP nuclear localization remains poorly characterized 
and a more comprehensive and systems-focused analysis of the signaling pathways that 
regulate YAP nuclear dynamics will be critical towards understanding how ECM signals 
and FA composition changes are transduced into YAP nuclear accumulation changes.  
 Lastly, although we demonstrate an intriguing relationship between force and FAK 
recruitment and Y397 phosphorylation in aim 2, it remains unclear whether force-FAK 




critical for maintaining force-FAK coupling in these other cell types. We’ve begun 
preliminary studies to assess whether force-FAK are coupled in human mesenchymal stem 
cells (hMSCs), which have important functions in regenerative medicine applications. 
Furthermore, there are other cell types where force-signaling coupling at FAs remain an 
important question. For instance, cancer cells are hypothesized to utilize FAK to increase 
proliferation and migration. Our model would predict that local forces at FAs generated by 
talin and vinculin would promote FAK recruitment and Y397 phosphorylation at FAs, to 
enhance migration speed and cell survival. In all, this thesis paves the way for exciting 
future studies on how forces are transduced into biochemical signals at the single FA level. 
In these studies, we dissected the roles of FAK, YAP, and vinculin in cellular 
mechanosensing. Furthermore, our research has generated new insights into how FAs sense 
force and how forces at individual FAs are transduced into biochemical and nuclear signals. 
Moreover, we expect that our analyses will shed new insights and provide a framework for 
processes, such as cell migration, spreading, and single FA dynamics. Lastly, this research 
will provide a new framework to understand cell-ECM events, such as FA assembly during 
cell migration, force-regulated morphogenesis, and stem cell lineage commitment in 
response to ECM matrix, as well as fundamental principles to design mechanoresponses in 
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